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H.l. Gu Pont de Hemcurs % Gompony. Wilwington, Delaverc.

FORSRORD

. This sorics of repoits cumsarizsas war3£ﬁ?éstigati6uu carrisd,
out by Eedicai'Diviﬁion in collaboration with Di visian 2 of the nabjonai"
Defonse Research Gommuittas. ﬁ%ﬂlo ﬁriwﬁrily r91&t96 to flone Hﬁ?f&fa

the leSnUJS leerp sd should p evant or_r@daae,the injuries ineident

- mANY typaa of mhjor f&PbBo in crde* to a ka t a results of fhbf e
-vs3u1gutions more re ad113 avaiisole, Dr: John Lo ?s,p, Jke waa ﬁugaged -
_ to put the reporta in more sopular fo:m and %o eliminate all matevial

_having & classificedion highor ﬁhéggﬁe&triatedo He is eminently guali-

fied for thig task hsv1n5 bsen stationsd as a U, B.P.H.8, officer at

9

Hedical Division during 4he war with responsibllities Por thuse siudieo.

o 18 now Assistant Dirootor, Haskell faboratery of Industrial Toxivology.
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. THE TOXIGOLOAY OF FIRE

'5PARIEia' Agsessment of Toﬁiq;Fgﬁfofﬁiﬁréatediby_Fitg;1

 STMUARY

 The milifery inportenos of Plamo attask on fortified Japsuese posiiions -

1n the Pagific theater led the Modical Division, Army Chemioal Corps, ix co
-operation with the National Defensé Research Committee, to undertake am ln-

- VGSgigatiqnfihtouthe5qa80alty produsing factors im flume attack, i

Zarly pilot oxperimente 1aft some doubt B8 &0 whether Heat of a £bxié;'

atmosphere was the primery lethal factor in killing men subjected to flame
atteok in snolosed fotifications when the victims showed no vigible sigus
of surface burning. ~ The expsriments first ocarried out by the Medical -
Division were designed to measure quantitatively and continuously beflore,

 Qduring and after flame attack the air tempsraturae and the copmeentration of

various geses in the atmosphers (Og, €Q, CQz.-andkhydrodurbons) #hioch might

contribube to the production of cesuslties. . The methods finally adopted

are describsd.

- Following the initial experiments on a poorly'v@ntilated Japangse
type bunker, experiments wero condusted on other gtructures of different
ventilation sharasteristics, end on targets ilan the open. N

Tn order to corralete the emvironmental changes racorded by the
mesguring instruments with their physiological effeots & cortaln DUmUsT
of goats were axposed under rigid medical supervision and psrtinent
physicloglical ibservations wore made. In a further effort to elucidete
the relative importance of the warious frctors, enimals wers exposed to
the effect of the separate factors, singly end in combinations of twe “or
siore. - Problemaof srotestion ageinst flame shitank wara also studied.
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Assesamen+ of Taxic aotare Greatad by F‘re.‘fjij€;3fﬁ

o Wn_le fiama ﬁarfaro Elayﬁd bgt a smalﬁ;part'in'opera iona car‘ied ouf
cy United States forges in the “uranean.thaster of World Wer IF, its role .

in the Peoifio. theater assumed incressing 1mpo;tanoa to United Stabas. fcrsee
88 tHey proceedsd with tha attavk and reduction of atranﬁLV'fﬁrtif4ed uapﬁa“r
‘nems island posit*ann-: Japanesa fortifications were oiteu 50 constructed

s to ba almest zmpregnable against attack with artillery or mortar shell,
serial bombs, grepades; o~ small atms. - It was discovared anpiricelly that
flama throwers were often effectiva in killing the oocupants of such forbi-

- fied pogicwona.,, “In the mﬁanwhile, flame. warfars was bsing used entensive-
~ly by Canadian forces in the Northwest Eurcpeps,ihaaterj -and somashat less

extensively by British foraeg, It was notined in both the Buroposn and
Pacific theaters that tho occupainbs of fortifications aub;ect@d to {lems

rattack Wers aomstimas killed ﬁitheu* vislble ev%dence o bein"'bufuadg

It W imvortant ffom the military polnt of visw to aiﬂapver wnau
faatozs other than the dirsct offact of contact with burning fusl wars.-vs
sponsible feor kllling the ‘oocupants of fortifications attacked with fleﬁa,

~ Henus +he primary problem was to dotermine what lethal fastors sfine. wuan
. its ineinaratiﬂg effeot might be present in patrolsum fuel burn*ﬂg inaié%
& olosed or partially alooed struoturee : : .

in intensive effort wWas made in the fiald te davermjne thﬂ eause af

' death in the unbhurned eabualtvas from {lame aftaoko;; A pubhology tsam
frem No. 1 Canndian Mobile G. W. leboratories asucmpanied soveral infaatry -

operations in which flame thPO#era‘ware used. - Canadien medical services .

were alerted to the problem as wsll. . The Medionl Diviglon, Army Chemi-
eal. Corpe, sent Captain Goorge C. Ham, . Ca. 0. tre Papific théster for |

the purposs of gathering similar data. It was. found impossiblo, ha:gvar'
in-eithsr the Buropsan or Pacific thuatsr-to sstablish seaslusive svidance -

" as 40 causs of doeth bucause the chaotie conditions of ths battlefield

necessitated too long a delay befors the bodiss could be carsfully ax-

‘anined, or bacause incidental damege to the bodles P£ron other wouspons

after the flans nhtack rendsrsd the ceuse of death doubtful. - After two
Connddan officsrs were weunded while studying the effeet of flanc aticolk
under fire. it was decided thet the problea could best be studiad 14
experlmenua} setablizhments at kome:

Pilot experiments revecled that buralng fuel diacherged {vum s flawc
throwar in+o g poorly vontilated fortification was nci a Imajq aonpletely
combrsted within the fertifismtion. it wes therefors aasy te pestulote

Ry
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=
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[

tho prosence of carbon monoxide as a possible lothsl factor. Along s
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carbon menozide one ﬂOULd exnaut to find carbon dloxide, & ds: c1avey a? axn,'~t"

'_ ‘mospheric -oxygen, hot air, particulete matter (oily smoke), ahd possibly” :ff}{ﬁ*!fPi‘“)xr

~gtesm.. In‘addition %o these thars might be present irritant gasea resul*%_;

inﬂ f?cm the partigl*asccmpoaxtion of patzoleum fuelc‘ 'fﬂ”;, i __ _~;;;,;_,<1—iiT

The rslutive importanue o” thes -faators whE Uﬂknswner It was; tnerea_!;
fore, decidaa to attempt to disccver the neturs of the’ lethal facto?s ecnuwd{
Elly Present in flame atback; snd 1o’ ‘evallifte thelr- Felabive i imporéanses-
“8ince poorly ventilated Japunese’ fnrtifica+wons-were at Tha moment of pri~x'
mery militery interest, inttial {nterest centered on,ntudy of the- eP{ects
~of petralsum fires ig poorlw ventilated sbructurés. SubseQuenﬁly She

;ssopa of The lnvestigaticne a6 enlarged to oover ths lsthal fastors’ 1nr”“;§'
volﬂed in flame &ttack of oderatéiy and ell venti}ated p05ﬁblon8e ‘

The atudy of the fothal. factors 1nvolved in flame attack was initlated .
in t&is country {n the spring of 1944 whon-Dr. Alen R. Moritz and oc-workers
of Harvard Univeraity, working under. contract. with Division 9, Hetional Des’
fense Regearch Commitbtss, agreed 1o curry’ out a geriss of pilot xperimantsg'
At about ths same time, ths Censdian governuent also undertook 'serlss of
experiments involving the flafe attacl of & modeT Ja uaaasu unkers.

There was immedlataly availebls for Dr. ﬁO?itz 8 aork sartaln faoilia
ties of the Fectory Mutunl Experiment Stetion et Norwood, Mass. A oonorate
fireproof room of 800 cu-ft. capacity, whish could be made mearly airsight,

- was ohosen for the first experiments. Gasoline wns placed in akallc. pans,.
which conpletely covered the floor of the room, and wes ignited by an
electric gpark. Samplse of the atmcaphere were colle»tsd in ¢vacuated
flasks through long tubes leading through the wall of ths conflagration
chamber. Air temperatures woro taken in several locations in the chember
b" means of continuously rsuordiné sonswtiva %harmorouples,

- "The pilot expe?lwenrs indicated that when the conflagration chamboer
&S poo;ly ventilated, the gasoline fire was quickly aznfavLishud by leck
of oxygen, but that in no case did the oxygen ooncentration in the atmos=
- phere” drop belen 14%; the oarbon ﬂOLOZidG soncontration oxssed 1% or the

" varpon dlozids conceunbratlion sxcesd . - Aly Ssmperaturss os high as
9009C, wors reserded Lub wers not meintained above 400°C. for morc than
20 sseends. - Ia conflagrations where tha chamber wae vontilabtsd. tha
gasolins burnad uQﬂplG ely and there wes no evidence of gigulfiecant D?vgpn
devletion or developwunt of significant amountq of ¢aybon monozids or -
carbon dicxioe in thn a%mquherbu o

08 the baa;a of those pilot ehﬁeflﬂcﬁtﬂ- Morits and ris eo<iv fsc 5
consluded that heat was prohably the most important casualiy produsing

factor in gasoline conflegrations. = They mecordiagly dirested their . ,
efforts to an investigation of thes tiue- -energy relationships in ihe p:o=.-
duetion of casualties by exposure to neab.  Hueh of this work hes Boz

been publishsd (1,2, 5,3 5,8,7,8,2) snd Pll} not ve described in deta’l
“in this raporv.




_ T At &pproxﬁmats»v ths same- %;me EES thq No 145 oxperi h&aﬁq f*he 45 uadzau
‘goveranent carrisd out e sarigs of experimunts involwing fleus threwer
ettaok of a modol Japanegs bumder &t the »ufxiuld (alvers ta) Experiment Sta-

$ion., In the ocirsa of thess studies éuaia Frare plauea in the bumldar in o o

‘such & position that they wers shielded from the flewe itsels. -~ Dsaths
osourred in poms’ of thege goats, and in the aejoriby i thoss sueoumnbly
& lethal concentration of ﬂavbon monexids was fouﬁd in the - blocd (10¢l?§

_ - The Ganadlan data indica od that the. nroa;cus of combuvtiow mu{ht plav
& more important rols as a lethel factor in flame 5t*gei than bsd hesn cuse

pacted on ths basis of Morits's pilot sxperimente.?  Bscause of unfuvorablo

meteorological conditions at the Sufficld Experimsnt Station, L% wan agresd
that the ledi¢al Division, Ammy Chomical Corps, with the support of Division
9, Rationsl Defense Resea?cn Conm¢5ueg; should undevbakse an in%easivs inves-
tigation indo the lethal factors involved iun fisme abtscl of enclosed forti-
ficetions. A [lame Attack Sectlion,: of the Tozicologionl Bossarch Lebors-
tory, Medical Division, Army Chenical Corps, was 5uﬂ0?dinglv set up ia ths
summer of 1944 under ths coummaand of Cupﬁa‘ﬁ Borisz B. ﬁubensubin;VQrGh; and
gubgaquently of Ceptsain Gsorge C. Ham, 2.¢., and of Ceptain L. B, Hobaon,
¥.C. 45 thers was lmsdiately aveilable at Bdoowood Araensl, Peryvliand, &
replica of the Jopanese bumker which had been used at Juffivld (Fig. 1) it
was decldsd to ubillze i% for tho firsé oxzporimonic.

At the sfsme tilmae; o study of tho construction dataile of savturcd Jap-
ensse and Germen fortifications was esrriad ocut by the avuthor, snd as o ra-
sult, four different typss wsras reproduscd at Rdgowoed Arsensl (Figs. 2.3,4,

and 5) . The divergitvy of +hs typoes permitted aonsiderable variation in ths

counditions attendont %0 %he flaus abttack.

the Bdgewood group should
tho - pu“ﬂio =1 and ohemical
wme abtach Intares* EEGE

It was dsoldsd that the first ebjsciive of

bs %o obtain quancxta‘1VG informetioa concornin
chenges occurring insids u bunker snbjscted to
initielly centered ia thé changes teking plsuc
the effects of direct ¢ flams. '.Lhe'm6a3urementn nhmon_wera_ogggimarad mcut

important were as fai;cwss

1, At: iemperatu?e and ealarie-bdmﬁarﬁmant'ai werious-
pocabions in tho bunker. ' S 3
2. Ozrygsn: csrbon monexzide, and parbon dlozlds oeatent ©

3]
of air within the buﬁker¢

stion of nnbuvned hyﬁr0331 ong snd ovhoe
geses Gevolopsd witﬁﬁﬁ the hubiov :

sulis of Boritz and of ths CUmuwadisnz turned out

- s -
Thie diseraponey ia &h9 5 is
g cuoristlen of petvolsun
*

o
roency Ln combustion ahara
b

to be dus to thz diffe TEs
fasl gtutiecally ignited ln an enclogsd b“*‘;i‘s and hay pstroloun
fusl injectsd into such o bullding-
N
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Idealily, nll of the above varishblsg were %o be measured continuously,
before, during, and after flams attsck. With the exception of calerie
bombardmsnt, this proved to be practicables. Subssquently, the Flanme
Attack Ssction developed methods for making physiclogisal studiss of ani-
usls exposed 4o flame attack and extended its investigations to cover the
flame attack of moderately and well ventilated positions.

5

by flame

B o Ty -

Having measured bLolh the suviromusntal changes produced
attack and heving studied the net effact of these factors on animals, it
was desiratle to attempt to evaluate the relative importance of the lethal
factors singly and in combinations of two or more. = These investigations
wors undertaken by the Clinical Research Section, ldsdical Div1sion, Arny
Chemiocal Corps, under Captaim P. R. Dumke, ¥.C.

II. EXPERIMENTAL

The methods used for msasuring the envirommental and physiologlical
changes produced in enclosed structures by flame attack are dssoribed

below,
A+ Envirommesntel Changes
1. Eest
{a) Ambient sir tamperature

Changes ia alr tompserature were measured by means of &
OArOmSI"GIUNBl wsldad thermcooupls whose output was amplified and recordsd

oontinuously., In order to insure gensitiwi¥y ©To rapid changeu in tempera-.

turs, a fine thermoscoupls was required. Ho. 28 (12.8 wil} chwomsl and
elumel wireos werw» thrsadsd through %two channsls of & poroelain iube and
ellowed to sxtend sbout ons guarter of an inch from each end. To these
12.6 mil 'wires, Ho. 36 (5 nll) wires ware wolded, ohromel to ehrenel and
alumel to alumel. The § wil wires were thon weldsd Logsther $o give a

5 wil thevancouple with 12.6 mil leads. Pron the othsr end of tvhe por=
celuin tube tha 12.6 uil wires, insulated by ssbsstos fiver tubing, went

to the cold junction whore they wers counected Lo coppsr leawds ead imuersed

in an iecs water babh. The coppur leads Irom bhe cold jusovion wors plassd
in aseries with 2 1003 ohn potentiometer do perwit compeongstion for line and
Vhormocouple registancs, Ths oubput of ths thermocouple was thsn ampTi~

igd through a Gensra
s U

¥ctors, vrezker typ%, D0 amplifior whose cubpub
wag vecorded on rii

i}
ta ns Angug Recordey Thormassunles of thils con-

= 0 s i

struction guve s liumsar oulpui up to 200°C. nith & rexponsz tiue of abouy
0.5 usconds . Ths arror of ths air tsmpeesiure measuresmsut with this
syulpmsnt was about 1%,

scsupants of

and
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electrically on a thermocouple brazed to the interior of the cylinder. While
thess calorimeters proved to be satisfacitory under condiiions invelving rela-
tively slow changss in tempsrature, the tims lapg in response was too great for
them to be of much value during tha usual brief flame sttack under szirulated
battle conditions. '

iments.
2. Oxygen concentration in the atmosphere

The per ceut oxygen in the atmosphere wes measured by means of
the Cities &erv1ce M. H. Heat Prover, which incidentally is alsoc equippe
measure per cent comdbustible gases (mainly hydrocarbons and carbon monox d
Gas Samples were drawn fron the bunker through a cne-eighth inch pipe by a

one~-quarter h.p. pump sampliag at a flow rate of 10-12 liters/ﬁin. with a
negative line pressure of two 1Aehes of mercury. A second pump which is ar
intearal part of the Heet Prover, drew a measured sample from this main
sampls line and delivered it to the oxygen neter. -

3

of the Heat Prover consists essentislly of a .
neatstone bridgse circult, two srms of which are made up of heated, catalyt-,,
platinum wire, aud two arms of veriable resistences and hot wires. The gas
sample drawn from the bunker is mixed with excess hydrogen, generated in the
meter by a sodium hyrdroxide cell cperatiag atb constent voltage. On coning
in contect with the heated catelytic platinum wire, all of the oxygen in the
sample combines with nydrogen, and the heat eveived by the reaction increase
the tomperature ol Yie wire and unbalances ths bridge. The degree of unbal
cn & milli=-voltmeter gradusted to read in per cent oxygen.

The oxygen maeter

ance is measured

To make a continuous record of the per cent oxygen, the milli-

voliuster was disconnested and the degree of unbalance of the Wheatstone
bridge was measured on a General Eloctric photoslectric¢c recording galvauumetc
naving a full scale deflection for 21C micrommperes. The accuracy of the
oxygen determination is $0. 5p, i.e., if & = per cent oxygena, the instrument

measures it to within X % 0.5%.

3. Carbon monoxide and cerbon dioxide concentrations

Tna esrbon monoxide =nd carben d;n 1d

atmosphere were msasured by nseas of iezil :
rption of dipolar

Analyzers, wiich are designed ©o iaeasure the 1nf:are; acso
gases. The imstrumeut used was essertially that descrived by W.G. Fastie
and A.H, Pfund (12) as their tinel instrunent.

They wore accordingly not used for the bulk of the expsr- -

TR A S
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to eliminate the effect of the pre sence of that zes cn the carbon wonoxide
analyses. The dividsd beam then falls upon & differential theruwopile which
weasures tho diffcoreante in energy of +“n two beans .

The infrered absorption is maximal in the bsam passing
tn*gugh ths gas filter containing purs carbon monoxide, while the amount of
ebsorption in the beam passing through the oxygen filter depends on the con-
centration of carbor monoxids in the ges sample. In prectice, the output -
of the differential thermopile is made zero initislly {im the abssncs of
carbon monoxide ia the air sample) by the application of a bucking potential.
Subsequent appearance of carbon monoxide in the air sample unbsalances the
thermopile by reducing the amount of radistion passing through the oxygen
filter.

The output of the analyzers was amplified and rescorded con-
timuously on Esterline Angus recorders. The relestion of output to carbon
monoxide cencentration was determined by analyzing gas mixtures containing
known perocentages of carbon monoxids. The air sample was pulled through
the analyzer at & flow rate of 10 liters/min. The accuracy of the determi-
nation is proportional to the percentage of carbon monoxide in the sampis,
sc that if X = per cent carbomn monoxids, the analytical error is approxi-

mastely +0.06X %.
b. Determination of carbon dioxide

The method for the determination of carbon dioxide is ex-
actly anaslogous tn that for the determination of oesrbon monoxide, except that
the two gas filters contain oxygen and pure carbon dicxide, respectively, and
the additional carbon dioxide filter is, of course, eliminatsd. Since the
concsntration of carbon dioxide in our experisnce was elways sufficiently
grester than that of carbon monoxide to eliminate serious interference froum
the presence of the latter, an additional compensating filter containing
¢arbon monoxlide was unnecessary.

<
-3

The zampling rete, mathod of celibration, and ace V4
the determination woere the same as with carbon monoxide.

Since nelither carbon monczidse or ocarbon dioxide ars con-
surisd in the process of analysis, ths ceme alr semple was pulled uhrough
VEBY

-3
carbon monoxide sanlyzsrs and carbon dicside mnalyzsrg in zseriss.

4, Conowniration of unburned hydrosarvons

Service w. He Hoet Pr mthimnad above, consisis

over,
n A fal 2oy e < d. -—-1 i £ 7101
ination of uéﬁbo; as al tﬁo&j szeribed, snd
of unhuarned « i The latioer
hou 5004 r“fhu“ line confiig«
Li.’;’.]_ ati 1 9

o)
syt mater GXerﬁ that Ul
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excess alr parmitting complets oxidation of combustible gases over the
heated catalytic platinum wire. Since carbon monoxide was being deter-
mined simultansously by means of the infrared enelyzer, the concentra-
tion of combustibles other than carbon monozids could be estimated.

5, Other possible toxic gmsss

In order to determine whether any possible toxie comstitu-
snts of the atmosphere wars being averlosked; gas samples taken from =
bunker subjected tc flame attack were analyzed by the National Bureau of
Standards, by neans of the mass spectrometer. The results of two
analyses are shown in Tsble I.

TABLE I

Analysis obeas S;mples From Edgsﬁood Bunker )

Component S;mple-#l : Sample #2
’ Mole Per cent Mole Per cent .

YUathane 0.47 & 0.08 0.48 & 0.06 -
Acetylene 0.03 ¢ 0,01 0.05 % 0.01
Ethylene : 0.38 ¥ 0,03 0.45 % 0.04
Propylene 0.04 ¥ 0.01 0.06 % 0.01
Acetaldehyde 0.1¢ * 0.01 0.18 ¥ 0,02
Butenes G.04 2 0,01 0.02 ¢ 0.01
Benzena 0.06 ¢ 0,01 0.07 i 0.01
Tolusne 0.01 % 0.005 0.0) ¥ 0,005
Neon 0,11 £ 0.0? 0.06 £ 0,01 .
Nitrogen F7.6 0 4 6. 77.7 I 0.1
Carbon Honoxids 2,38 £ 0.03 2.51 &£ 0.03 .
Carboun Uioxids 8.0%2 % 0.02 10,38 & 0.0%
Cxygan 8.59 2 5.0z G.5% £ 0,08
Argon 130 2 oum 1,10 £ 0,01

N ST e v I R Y, wpd 3 H st
Tt can be goeenr from Tebls I thet eside {rosn corben monoxids: carbdayl Uie
ewide, lur oxyien, and aomne hydroserbons, only acstsldehyds epovoarod to
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B. Expsrimental Animalsg

The instruzenteal data obtsined by the msthods describsd abeve
pointed tc the importent lsthul factors associsted with flame attack, but
the quantitative data could only bs,eveluated by correlation with physio-
logical and patholozical changes associated with s given set of environ-
mantal changes. For this purpose/ sxperimentel animals had to be used.

Of the availablas sxperimental ‘animals, the goat was chossn be-
cause it was fselt that the response of the goat would clossly approximats
the re<ponss of man under the conditions . of the expsriments. The goat has
proved to te a satisfactory animsl for experiments with toxic gassa. The
effacts of heat on the gost had not, to our knowledge, besn investigated
prior to ¥orld War II, but in this rsspsct also, the goat possesssd favor-
sble qualifications. ‘ '

Esat can produce dainage in two ways: (a) Ly local injury or
dastruction of the skia (burns), and (b) by slevating the body temperature
vithout necessarily attendant skin damage (hyperpyrexia). In the letter
oass the rise in body temperaturs should bs related to the smount of heat
absorbed per unit of bedy weight (cal-/kg.): On the other hand ambient
and radiant heat reaches ths body from the surrounding atmosphsre by virtue
of the caloric bombardment of the body surface. It is thus apparent that
a small snimal with a relatively largs surface (target) area per unit of
body weight would be more vulnerable to the effects ol heat than would &
larger snimal with its smaller ratic of body surface to body weight,

A comperison of the ratio of surface arsa to body weight for
various experimental snimals caloulated by using Mesh's formula and \
Benedict's oonstants is given in Figure 6, and it can be seen that this
ratin for a goat weighing about 76 lbs. is not significantly d¢ifferent
from that of man. The relationship is only approximete since the
applicability of the formula to ths goat has not been verified experi-
mentally.

The animals used for the exnsriments on the toxicolagy of fire
were adult goats weighing from 25 to 138 lbs., and averaglug 64 ibs. The
goats were exemined by a veterinarian belore use and ware rsjecied if
thare was any evidence of disease or sbaormelity.

Since tho leng hair of the gosts afferded significant though
variable protsction frem pmbient heat, ell andmnle wors clippad from
ss and hook Joints to the head Lelore exposurs to flems attack. Clip-
ping was dene with an electric ciipper which laft sboub ous~signth inch

Tue goats wers iastened in the structares pudjected to flame
atteck by a chuin atteched bo & losther collar. The cheln was long
enough to allow Hhem Lo fell without choking if they became prostrabe be-
Tor A0val Followd £ tack, the animels wers nol removed fron
i 3 the aoncentrations of sarbon monoxide

iad retuirned to hsrmlecs leveln.
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COMPARISON OF BODY WEIGHT
8 SURFACE AREA

WEIGHT
(IN LBS) Cﬁ‘%RSEQAME?ERS7
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. -At the time of removal, tha enimals were immediately oxamined by
e veteriparien. Any animal which was deed on repmoval or died within ten
minutes aftsr removal was classified as s Ffetality. ~All animals which wers
elive ten minutes after removal were classitied a5 survivors regardlssa of
the severity of their injuries. All seversly injursd survivors were des-
troyed by electrocution imaediately after the ten minute ohservation pericd.

C. Physiological QObservations : ' BRI

Physiologiocsl observations on goats expnsed to flame atteck were
a nscessary adjunct to the instrumental mesasursments of the environmental
chanzes. Dus to the number of éxperiments which had to be carried out, it
was not possible to make detailed observations on all animals. The end re-
sults of an experiment were the number of animels killed (as previously de-
fined) or surviving. However, in e large number of animalz the body tempsra-
ture, blood oxygen concentration. and blood cerbon monoxids concentration
following exposure to {lame attack were measured. . '

In most cases, rectal temperature was measured immediately after
removal of the animals from the structure attacked by flame, the instrument
used being an ordinary glass laboratory thermometer. In a few experiments,
rectal temperature was recordsd continuously by means of an iron-oonstantan
thermocouple coupled to & recording galvanometer. Blcod oxygen snd blcod
‘carbon monoxide were measured by the method of Scholander and Roughton (13).
Blood hemoglobin was measured photometrically by means of a Elett-Summerson
Photoelsotric colorimeter, and blood methemoglobin was messured spectrophoto~
mstrically by means of a Colsman Spsctrophotometer.

Additional measurements were made in special cases, which will be
described as occasion arises in subsequent papers. :

‘D. Pathology

A representative number of animals were exeminsed post mortem for
gross and microdcopic pathology. The micropethelogy wae interprsted by
Mzjor A, M. Ginzler, M.C., Chief, Pathology Section, Heaical Division,

Aray Chemical Corps:

E. Syathobic Exporiments

By means of the techniques de¢scribed above, a conalderable asmount
of deseriptive_iuiormation relative to the euvirommental changes produced by
flams attaclk was obtained, and this information was corrsleted with physio-
lozicel chenges producsd in sxperimentzl animals. The information did net
rovids u complets explanation of the relativs importance of saversl lethal

factors which cceurred simultanscusly. It was, therelfore, docidsd to appresch
the sroblsim by exposing goats to each of the Ynoewn lethal footors at first L

I OIS . fhig vorlk sms carrisd

thon tn exnpess Lhem to combinations of two o
out by the Clinical Rescarch Ssction, Medical NDivision, undesr the direction

of Cavtaln Paul W, Dusie, ¥.C.

Y Py T IVNVIRY
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F. Irotection Against Flame Attsck

Methods of protecting persomnel ageinst ths effects of flame
attack were given serious consideration, not-only by the Army snd

Division 9, XDRC, but also by Divisiqn-ll,LﬁﬁRC.f”Exparimentsgcdnﬁﬁcfsdff?ifi;
at the Army Chemical Center, Maryland, involved studies of the effective- '~

ness of protective clothing and of heat protective ointments. These
exporiments will be described in & subssquent paper, ‘
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Modical Division Special Report No. 4
THE TCXICOLOSY OF FIREB

PART -II. Factors Involved in Injury or Death From
Bxposure to Direot Flame.

Goats exposed in the open to the effescts of eerial bombs charged with
thickened gasoline frequsntly died within an hour or two. TWhile they usually
sustained severe cuteneous burns, these burns were not of a type which is
norm to produce such ipid death. Examination of the casualties revealed
that death was rnot due to inhalation of toxic zases or 8 deflciency of oxygsn
in the atmoaphere. - FPathological exemination revealed, in addition to the
skin burns, damege to the respiratory tract and pulmonary cengestion and
odema, which presumebly resulted {rom the inhalation of heated air and smoke.

Gosts exposed in the open to burning fuel discharged from a {lame
thrower also frequently died within an hour or two. They also sustained
severe skin burns, but did not show damage to the respiratory tract. Thers
was, however, evidence of central respiratory failure in scme goats and in
others there was an increase in serum potessium concentration to levels
ordinarily considered lsthal.

It is believed that in both types of exposure to direct flame in the
open, death was oaused by heat, & factor which Yoritz arnd co-workers had
shown to te a sufficiont cause of rapid death when animals were expossd for
longer times %o temperatures lower than those which sxisted for & few
sgconds in these experiments.
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Medical Division Special Report Ho. 4
TEE TOQXICCLCHY OF FIRE

PART II. Factors Involved in Injury or:Death From
Exposure to Direct Flame. ‘ o

I. HISTCRICAL

It was indicated in the first part of this paper that several factors
may be involved in causing injury or death to the occupants of enclosed forti-
fications subjected to attack by flame throwers. These are chiefly hesat,
oarbon monoxide, lack of oxygen, carbon dioxlde, hydrocarbon vapors and pos-
sibly other toxic gases. On a priori grounds it would be expected that the
toxic gases would bs most sffective in poorly ventilated fortifications and
less effective ag the degree of ventilation of the fortification was increased.
The extreme case of good ventilation would be flame attack of perscnnel in the
open. imilerly, one might expect heat to.be most importent as a casualty
factor under cases of maximum ventilation.

As a part of investigeticns sponsored by Division 3, National Defense
Research Committee, Moritz, Henriques, and co-workers undertook an sxpsri-
mental investigation of the effects of heat, uncouplicated by toxic gases in
the production of casualties and death (1,2,3,4,5,6,7,8). _These studies
have done much to increase our knowledge of the gonesis and mechanism of
heat injury. That part of tha Moritz end Henriguss experimsnts which bears
most closely on injury by firs involved the cutaneocus exposure of pigs %o.
circumambient (sir) and circumradiant hest in an oven {4) snd the respira-
tory exposure of dogs to hot air and steam (8). ' .

Moritz and Henriquea studisd the effect on pigs of exposure for varying
lengths of time to air temperaturss renging from 70°C. to 550°C.  In the
extrsmss, exposurcs of the order of 1f minutes to an air temperaturs of 80°C.
or of the ordsr of 30 ssconds to &lr temperaturss grester thazn 500°C. were
capabls of ceusing scute hyperthermic demth. During exposure the auimals
breathed air et roowm temperature. The mechanisme involved in the production

¢ death at the luwer and higher temperature extremes, however, wowrec somawhat
differeat., In the long exposures at low tempsratures there was little or no
cutaneous burning and death eppeared to result Irom paripheral vasculsnr Gol-
lapso with sattendant progressive hypotension. In the case of brief exposure
to high air temperetures, there was slways severe geneval ocutaneous burning
with circulatory failure of central rather thau peripheral origin. The causs
of the nemtral cireulatory failure was traced to the rapid liverstion of po-
tessium from erythrocytes in the heated cutanvous and gubcutensous tissues,
with conssquent demaging offsct of ths liberated potassium on the heart (4,

in +the wbove experimsuts, the heat wes applied ©o the skin and not Lo
the vespivatory tract. Tn enother series of sxpsrimente, theo citsst
‘ o

b
»

[ TN
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1
heat,

ven-

A

neat ouv the respiratory tract; unnomplicated by outanwous uxpesure to
wis invoubizatad (8). Auesthetized dogs were made ho brosths sither o

s
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heated air, or flame or stesme. If breathed in ths normal feshion, the result
was a severs pharyngeal edema which resulted wn obstruction of ths resplratory
passages (and hence msphyxia) withir an noar. “*In these cases, however, hest
damage tc the lungs wes nob ev1devt, ‘Thc %he heated atmosphere was doliver-
ed by. means of an in ,1atnd‘urans-ora1 cannula 1nto the trachea below tha -
larynx, the following effects wére noted: ga) Koderate %o savers tracheitis
without deep pulmonary injury when hot dry air or: vlame wus breathed; snd (b)
tracheitis and mild to severe thermal injury of the 1 lungs when steam was
breathad. The differsnce in the effect of ‘hot air rnd stezan was stiributed
to the ract thet dry air has little heat oapacitb, and gave up its heat be-
frrm raaﬁh‘ﬁg {the lungs, whereas steam has wiore. heat to give up and lost

heat more slowly, so that senough heat could La dali?ered to the lung te

cause thermel injury. : :

These experiments showed definitely how heet, uncomplicated by the
effect of inhalation of a toxic atmosphere, could ba a csuse of death or
severe injury in the rircumstances attending‘flame’attack.

Cn the battlafield, men wnre be1nv sub1eo*ed to flame attack in tiwe
open and in many cases wvere deing aevere‘y injursd {or killed) as a result.
Two very practical problems arose thereby. How could the destructive
pover of flama attack be minimized by the adoption or utilization of pro-
‘tective devices? How should injuries sustained as a result of flame attack
te treated, i.,e., as heat injury, injury from toxic geses, or both?

Ths experinents of Moritz, Henriques, et al., while very important,
did not completely answer these quastions becauss: (a) Moritz's extreme air
temperature was about one-half that of flame temperature; and (b) the possi-
bility of injury from inhalation of toxic products of combustion could not
be arbitrarily excluded, even in the case of personnel sttacked by flame in
tiie open. t could not be conocluded with certainty, thesrefore, that ths
mechanisms of heat death revealed by Moritz's experiments would be those re-
sponsible for killing or injuring personnml attacked by flame - even in the
open.

The following expsriments were carried out therefore to study the
effzct of flame attack in the open on gosts, and to esvaluats the toxic
fectors therscf. The justification for these rather drastic expsrimants
was simply that the informetion gainad mipght save the lives of Allied
soldierrs, end that such information could be gained in no othev feasible
WBY e
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A Umterisls and M=athods

ng with ths effects of fleme in the open fsll
se in wnich ths flame was dzlivsrad onto
& bombe charged with thickened gasoling;

as deliverad onto the targel by meana of a
v Both of thassc wasngons were being used on ths vatileficld,
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expleined in Part I of this paper the goats were clipped 80 as to leave a
uriform amount of halr, corresponding roughly to the amount of pretection
efforded a.man by a suit of cotton 00verallsa ; o .

The target area was entered.w1thiv 30 to 90 seoonds after the bomb
detenaued, and bleed samples were taken on selected dead or prostrate ani-
mals for dotermination of oxygen and carbon monoxide content and oxygen ce-
pacity and occasicnally for other analyses. - 'All survivors were examined
imasdiately by a veterinarian, and if injured, were painlessly destroyed
on- the spot. Selected goats were axamined for gross  and mcropaw.nologye

In the second group of expsﬁlmants, 8 single goat was tethared in
a8 location adjacent te a 1/8 inch iron pipe, placed upright and with the
open end 3 feet 8 inches Proﬂ the ground. This pipe was supported by a
larger one teo which a chromel-alumsl thermocouple was a‘tauhed, Thes thermo-
couple was shielded from possible dirsct impingement of burning fuel by &
small piece of transite. Gaz sempling and analysis, and recording of air
temperature were dons by the methods desoribed previcusly (Part I of this

paper).

The goats ussd were heslthy adult clipped animals ss deseribed
elsewhere.

An initial blood sample of 10 ml. was drawn from the jugular vein,
and the rectal temperaturs was taken by mseans of an ordipery laboratcry ther-
memeter inserted about two inthes. In most expsriments, electrocardicgrephic
loads of the non-polarizable, plate type supplied with the Sanborn uardlefte
were taped to each fireleg and the left hindlez about two-thirds of the dis-
tance from the hoof to the sxilla or groin. Ordinary slectrode paste was
used and the skin was not shaved. Initial electrocardiograms were taken
prior to the flame attack-.

In some experiments a cardisc thermistor, mounted at the end of &
piece of rubber tubing 18 inches long and the size of a No, & French catheter
was passed through a 12 gauge needls insertsd into the right jugular vein
until the thermistor was at the junction of the venae cavee. Previous
trials under fluoroscopic observation gulded the placement of the thermistor.
On occasion, the respiration rate was mesasured by means of a carbon pile
pneumngeranh, which wes placed about ome-third the distance from the stsrnum
1o the vortadbre at the level of the wiphisternum. The carbon pile unit was
held firmly ezainst the ribs by =msans of s strap passing ercund the thorax
end pneumocgrapi were insulated Irom

The slegtrod
ng and cloth held close to ths body

et
heet by hesavy paddi
surface.

The duretion of exposurs to flems was of the order of five seconds,

after wiich time the zoats were dsad or uunconseciouz-. Survivors were uUnder

the constant obzervation of & veberinerisn end a physician and wore painlessly

destroyed if they showed any signs of discomfort or return ic consclousness.
wa,r.ver r:n D
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Blood sanmples teien after exposurs wers used for the decerminstion

iy

of serum potassium and sodium by means of the Flams Photometer, plasma pro-

teins by the falling drop trchn que, and blood pigments and gasss Ly standard

analytical methods. Th‘ hemateoerit was estimated roughly by using s centri-

ImmudlmteLy after the dasth of each suOJact, *ha chest wess opened,

and blood was withdreem from each euricie. The lungs were remcved, 4drained
- carefully of blood, 4nd were weighed. The blood, water, and ash contents of

the lungs were measured supsequsnlily in sach animal. A greegs sutopsy was

-performed, and tissue spscimens were taken for micropathological examination,

-5," Results
- 1. Fire Bomb Expcrimente : .

‘Fire bombs of the t‘v* used in these experimsnts scattsr chunks
of burning thickensd gasoline over a roughly elliptical ares of gvnuﬂd. For
a I'sw seconds following detonation, there exists in the vicinity of the bomb,
a large cloud of burning vapor which hes been aptly described as o fireball.
After the fireball has dissipated the chunks of fuM‘ burn on ths ground for
gevsral minutee, Go&%s outside the ares of burning fusl wars not injured.
Animals inside The arcs of burning fuel were liable to two sorts of injury:
{2) Radiztion burns from,t%e Flreba-‘, and (b) actual physical contsct with
pieces of durning vhickensd gasoline.,

. Following the detonstion of & fire bomb, the goats were reached
within 30-50 seconds by observers who extinguished any fuel in contact with
the animels. While skin coantact with burning fuel produced severe local burns
as might be expected, theses were of the type which usually doss not result in
immodiate or even rapid death. Yet 34% of the goats on the surface of the
eround and 2% of the goats in slit trenches were dead within 10 minutes after
detonat;on ol tns bomb, and 46% of those on the surface and 33% of those in
trenches were prostrate snd unoonscious. It appears likely, therefore,
thet death or saverse injury was associated primarily with the cloud of burn-
ing vapor or fireball.

The oxygen and ¢carbon monoxide content of the blocd of goats who

were alive but unconseious following the bomb burst wre given in Table I. It
ig evident frga the data of Table I that cerbon moncxide was not a sufficient
causz of d

gath since the arterial blood levels are well below those ordinarily

iethal. The low oxygen saturation mey be ussocieted with the clouw
¢ type of respiration 0f the eninals and does not nec esgarily indi-

cete thab thsy brsuthed an atmosphere strilingly deficient in oxygzen.

A ¢rade mensure of air temperatures attalned was made by scat-
tering temparsture indicating pelleta® over the %targets ares. Trnesz pe
never indicebed tenmperstures sbove 800°T ., but mueh higher air temp 1
undoubtedly sxisted for vwe or thrse gseconds, and the time leg fo
of the pelletg st ve taken Into account.

»
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: Oress ond minrescspio pathologioal studies were made of 14 ;oatu
*FMindings in the individual nniunlo are listed in Table IJ.
¥

The signtfioant findings wera mainly oonfined to the rOIPIrIQGf?wV
eyltcl. "and Pormed a oharaoteristio patteri alt there was oconsideradble vers:
!lation from one animal &5 another, Laryiceal o was presant to some extent®
‘tmoeil wub aie of the fourtzen goats. Im six animals the edema of the lerye=
.goal muoosa procduoed cemplete or slmoat somplete ooolusion of the laryux, and .
1in four more there was partial occoluslon. All of Lhe goats showed slight to:
teeneiderebie reddening of the muoous membrane of the trachea and main bronchi,.
‘but in only one instanoe Gid an exudative pseudomenmbrane develop. Several pre«:
.qentad a depzait of oarbdn that lined the trachea snd extended threugh the broms:
Jobiul tres, but this was na% e consistent findingz. lu ulmost 2ll cases taare
‘was &% lessh ¢ slight awmaas of Fresny edema fluid in the bronohi and lower .
‘trachens in mwome ingtonnas oaonsiszrghle adess fluid poured from the ﬂronth?
Yand £111ed the trachea with foamy fluid. _

i

: The lungs gazwed & geizaral insiense in size and weight, half ot
‘the group showing a decifed increéssa in the lung: Body weight ratio beyond
. the normal range of 0. to 1.28. This was aasociated with congestion of thof
~ ‘lungs waiying from peishy involvement, ochiefly of the lower lobes, to almost |
diffuse involvenent oi all lobes; and a similarly variable degree of pulmo $
edera. In soms animals the ocut surfaces of the lungs wers considerably ocon- '
gested but pressnted only a slight or moderate amount of edema fluid on pres-
sure, while {n others a considerable amount of edema fluid exuded freely from
wv* ieotions and filled the bronochi and trachea.  Microscopiocally, the lungs .
shioxsd prominent hyperemia of the interalveolar septal capillaries, and con- =
‘#aetd 25 of the small blood vessels. Zdema of the }&ngs varied from the occur- QG
1enro of an oocasional patch in sections of some animals to diffuse involvemeat
' almost all slveoll in seotions of ~thers., Where more advanced, it was 5
'uaually accompanied by some degree of perivascular cqnnoctivo tissue edema and
1ynpathic dilatation. Atelectasis was not a aignifioant gross feature of the
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“date; mey heve contributed to partial obstruction of such

vimonary pathology, but areas of partial atelsctasie were not an uacommon
inding nicroscopicoally.  Their occurrence appesred to be related to a

stage of distinet capillary hyperemia and esrly transudetion of fluid into
the alweoli, and thsy were generelliy absent in sscilons of areas of mors ade
vanced sdema. Ths appearsnce of ths bronchi was not suggestive of broncho-
constriction; although the bronchi scmotimes contained coll tions of desque~
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mated epithelial cells which, posszidbly topgsther with some flanmauo*v sXU-
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ial dsequemetion vocurred chiesfly ia the trechen snd main ¥ » 81
or not at all in the cameller Drcnchis Actual epitheliel svosls wae
observed. Occasionally, grenulesa of csrbon pigment were observed as fer

distally as the respiratory bronchioles and atrisa. o systemsatic hist olo
ic study was made of tne other orgens since¢ taerc w&s no gross evidence aof ;
pathology-. : '
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Z. Fleme Thrower Experlﬂants
g, Chenpges in ths atmosphers

The resulta of fifteen %rials in which eir temperature, .
oxygesn, carbon iaonoxide, cerbon dioxide, and hydrocarbon concantretions were
measured continuously are shown in Table III. Two valués ars recorded for i
sach varisble: The peak or extreme changos and the Ct or Tt product, which
is the intsgral of the curve of gas concentration, C, (or air temperaturs,T) .
versus tims, t. The integration of the curves was done machanically by N
moeans of & planimeter, and was carried out fron t-0 at the time of firing
to the time when the etmospheric condition hal returned to c¢sseniia.ly nor-
mel limits (uwsually five minutes or less). In ths caze of oxygen, which
decreased in concentration as a result of the conflagration, the rsasults
sre exprossed in terme of A Ct where 4 C is the change in oxygen concentra-
tiou expressed as a positive number:. Thus, the grsatsr A C%t, the greater
the oxygen deficit over ths given period of time.

The Ct values were caloulsted to give some 1ndex of the

dosaga of a given inhaled gas, for C (vols. /100 volimes) times t {minates)
timsa respiration rste, R {volumse for minute), hes the dimensions of quan-
tivy of gas. If respiration rate i3 asssumed %o be constant fron ones aninmal
and experimsnt to mnother over the period in whieh ths gus is respired, 3%
should be proportional to the doss of the inhaled pas.  While the mssmimp-
tions may not be and probebly are not etrictly justifisd, Ot was as closz an
approacn to = dosago guantity as was practical: The guantity & Ct for oxy-
zon representing as 1t doss a deficlency of an cssentlal atmospheric son-
stituent rsther than the presencs of & noxious constitusnt, may atill bs
conzideorad in o zenss as representing s anuage of &n injurious guantiiy.
Tt by the same ressoning may be lxagived as & dossgs cf hewt, a&ltheugh the
heat probably zcis wmainly on the surfese of the hody and reletively little
by virtue of 1ts imnhalsbion,
In gone trisls the {lame epreored to impings direstly ca

the seamcling selnt, and in those {Prisls D& 4, DF 5, D 6, DF &, DF 10, LT

3 07 14, and | a¥ sir temperatures sbove 800°C. vore re-
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In theee trial s, nw
ling point, there wes elsc s merked dsn
was present in concentrationg which res
ed hydrocarbons wers also prasent even
the open air. The concentraticon of th
levely, however, almost” iunmediately aft
velues were low.

K \

All goats exposed to f

pain and appesred to be unawars of what
wes convulsant, bub all but one were pr
torminally, but were normal othervise.

s
hich fleme anuarenil" truck the samp
letinn of oxygen, =nd carbon monoxide

ched as high as 9.3% (DF 9},  Unburn-
though ~am Hstiun ¥as taking vlass in
8 varlous gades relurned o uermal
ev the flauc gassec, 5o that the Ot

lems showed s diminished responss to
was n&unsnlnv sround thom. XKone
ogirata. Ref'lexes wers dimlrdshsd

Respiration veried from aninmal to enimal and from time to

time with each goat (Tabls IV). The mo

g% common type of breathing was

labored, slow, and nolsy, of varimble depth, and subsided gradually intec a

seriss of slcw gasps. EBvery goat had

which did not ssem to interfers groatly with respirstion.

also salivated excessively.

e thick tenuous nasal discharge.
Host animeals

The estimeted extent of the body surface which was

seversly burnsd waried from 3b to 100%.
generally is fatal in human bsings.

The rectul temparature

all and nevar excesdsd 42°C. {Table IV).

highar thean the recta] by 2:1 to 4.19%.
of hypsethermia {ou & to bs fatel in pig

The heart rate mlways

remained high for ® varisbdle length of

This amount of turning

of the goats often did not rise at

The sardiac temperamturaes warse '
s and in some wsrs sbove tha level
zs by ¥oritz and his group (7).

rose during exposure to fleme, and
time. Host of the animals which

disd soon after exposure showed slectrocardingrapuic chieanges usually msso-

cisted with cardiac enoxia, i.e., termi
of verivus typss, sciopic fecl, ard vari

nal bxady sardie, conduchion dafleasts
isble arrytimias (Fizs. le and 1b).

One goat (Fig. 2) had a slow ventricular {iurillation descrived as ocourring

1 ;ut:”:lum intnxication (7). This animel also

‘l
rotassiun (rable VI)-

in any of
{Tables V).
meining te

e S S S N SO IO Y

eney in the vim

had high levels of blood

did not rise to dangsrous levels

iome, oa wnom anelyses wei's made
o0 par cent gaturation, and the rs-

The final oxyeen geturetion in

<5 out the luw oxypen saturations

. 15 .
Use il 0l

wosphers hes

R:b*%xu‘ﬁ
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TABLE IV

SEVAMY T ey
}l.ED'.L\.'. Jans

Changes in Physiolcgical‘Heasu:amenﬁsjpuring‘Exposnré to Flams

- y LR

Prisl or Eggz T%mpﬁfaﬁura (°v.) Heért.Rafe Reépirétion
Goat No. Reotal Tardiac  {(Change in beat {Chonge in rets
” S par min, ) per;minq},

DF 16 4001 - - -

pr 17 - - - -

DF 18 30.8 - . .

DF 19 0.1 _ 465 -

2} 0] - | #30 -30

DF 22 0 - +50 57

DF 23 0.1 - 525 47

DF Z4 1.2 - - -

DF 25 31.1 - - ' -

DF 26 1.5 - +100 $20, =43
oF 27 «043 4,0 +15 -

DF 29 -1.0

PF 30 08

RF 21 +1.1
TF 82 2.5
DI 3% $i.

DF &4 <G, 1
Dy 3b 0.0

RESIRICTED

+3.9 +32

T“S:‘-l - ‘12; "3
434 L70 -10
2.1 ‘ +48 ~48

i
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iun concentration was always alsveatisd
£ YRS - The average initiail .zlu& Tor serum .
petasziwm was 17.13 mg. /100 nl. and the range 12.5 to 33.7 mg./100 ml.
t 1
as b}

o

/bLOOQ dravn from ular vein). Biood sumples after death were
taken as quickly as possible by oparing ths chest wall and withdrawing
vlood from esach auricls. Whils scmetimcs in good agresement, the sanples
from the two auricles ghowed st other times marked differencss in ths
concentration of gerum potassium ag well ag cther plood constituysnia.
iis

O#
L
No gaplanation for this d&i renue wuy eppuient.

f =
a,

. Only four zoets (DF 25, 28, 30, and 31) had final serum
potassiuwm levsls aaovs 50 mg./100 ml., the level ugually considered to
bs lsthal. : .

The serun sodiwa concentration averagsd 343 mg./100 ul,
before expogure. The final eamples (Tableo VI) vari ei from SBQ to 286
BEe ’lib ml. and in many instances the terninal sodiun concentration was
lower than the initisl. ‘

The amount of hemoglobin in the gerum (i=er, from henol-
ysis) did not psrallel tha potessium levsl although it varled widsly, and
was gensrally higher in the left esuricle than in the right. The amount
of hemoglobin in whole blood before and af'Gor exposure to {lame is zhowa
in Teble YITI. The concentratiocn of hemoglobin incrsased atter exposurs,
the incrszase verviang from about one te fifty per cent.

A rough hematocrit detormination was made in sams sxperi-
snts, Ths results {Tabls VII) showed wide vuriations afber sxposurs to
lane,; sad poor cor
The wvarigtion in wilssma protein concontration beflors snd aftsr exposura Swsn
be szon frouw Lhe data of Table VI The changes were nut marked, =nd thevs
was no correlation betwesn the concentration of plagma protsins and hswo-
zlobin or the hematoosrit aftsr sxposure to flume.

1

Gross pathologicsl examination of 16 goats dying from ex-
posure o diveot fleams sncwed obvicus burning to the superficial layers of
the skin and moccsa.  The larynx was Sllgnbl} edematous in a few gogbs
aud ths crachga was ocoasionally hyperemic.  The lungs of & nwiber of the
animals appzercd 4o bs hypsrsmic to a variable degres, suad geusrally were
cysnotic.  Thersa waz no grogs odene or hemorrhege-

Micropathology wss sonfined almost eatirely to ths gkiy,
vinich showed wocvosis of the oubsr layers. The dermis was usuzlly ¢Gagu-
lated throuzh ab ls=at the oufer nalf, bu% only one usctlon {from goa’

DF 28) showsd nscrosis of the antire thiclkness of the demis. Exaaipation
of the heart, respirebory tract, spleen, liver, sweil lotustines;

kidnsy and pitoltary; chowed very 1i%ile beyond tho wminer petholugy soon
in tho corpuas of a group of econtrol zoats cousidersd %o bo in good health.

8
relation with changes in the conceniration of hemoglobin.

N T, Ll A e
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TABLE VII
7 Hemeglotin an‘d Hematocrit in Goats Exposed to Flame
cor e, hmmermlpgtl T R e B
T X%, T

— Aur.  Aur. Aur Aur.
DE 16 T.T4 10.88 11,10
I S, kdw 18.312=
DF 19 9,75 13,20 12.36
OF 21 11.27 12.68 1318
or 22 10.43 15.81 12.62
DF 23 10.88 11.7 12,35 45 50 -
DF 24 1c.2 12,4 13.0
DF 25 720 7.8€ Te42 30 30 40
D¥ Z€ 2.88 14,80 13,88 40 60 g0
DR 27 8.14 8.84 .72 45 40 45
DF 28 745 7,492 10.09 25 30 35
DF 23 927 .80 9.40
or 30 9.28 8.78 11.80 40 43 +19]
DF 31 8.75 8.00 930 30 40 25
Dr 32 3,80 10.40 10,12
DF 33 10:3 12.6 -
DF 24 .68 12.0 1720 40 55 50
Dy 38 .84 11..04 10.70G
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_dlffcrent hoegsver, from the sffects of exposure to flame from the flames -
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III. ‘DISCGSSIOH'l

the aerial bomb uharged «1th thxckened gasollns and tha ‘Tlere thrawer, re-'
vaals both g;mllariules and aifferencesafi mhera was" noc, in. either set of
experiments, evidence thet toxic geses or atmospheric anoxia’ played any. sig*‘
nificant part in produclng casualties or.death. - ‘In both sets, there wWBS -
ev1denca that. intensa heat wAS the predominant lathal faotor prasen s

The effects of exposure o flama from, the aarial bomb‘were somewhat_wlg'

thrower. The only explanation for these diiferences would anpear to be .

in the different physical characteristics of the. respoctive fuels or ia
their state of dispersion during combustion, since thelr chemlcal composi- R
tion did not differ in any mater1a1 degree. : : .

Loabb dying from exposure to ths bffeuﬁs of the fire bomb;‘ahoﬁédriw

consistent pathology of the respiratory tract, such as leryngsal edems,

tracheitis, and pulmonary congestion and edemsa. Goats killed by @xposure -
to flame from the fleme thrower. on the other hand, showed no respiratory
trach pathology in 14 of 16 pgonts examined. In both sets of experiments
the pathnologists expressed the opinion that the immediste csause of death

- was nob readily epparent from the anatomical lesions found on gross anda .
- micropathological exsmination.

The 1951gns of the respiratary tract found in the first cet of &x~
periments could have bsan csused only by the inhalation of a heated atmos-
phere. It will bs recalled that there existsd for a few seconds after the
burst of the fire bomb & "firebell" which was epparently compozad of burn-

‘ing hydrocarbon vapor. In some animals there was & deposit of carbon

which lined the trachea and extended through the bronchial tres. This
would indicate merely the inhalation of smoke, but it is not unreasonablae
to assume thet the smoke was very hot. ° :

. In the flame thrower experiments, there was no siguificant involve-
ment of the respiratory tract. It should not be inferred, howsver, that
thig difference would always exist betwecen the effscts of firs bombs and
flame throwers, since it appeare Lo depend on physieal phenoasna which
might well vary under slightly different condltions of exposure. 1In
fact, Canadien investigatora heve reported finding pulmonary edema in
goats subjected to flams attack in the cpen by flame throwers {9,10).

Physiological atudies were nobt pracilcable in the fire bomb exzperi-
ments, but obsorvations of various sorhts were meds on goats szpused to the
flams thrower. These observations wers consishent with ths hypothesis
that heal vwas the sele inportant lothal faotor in deaths resulting from
dirasct szposurs for a few seconds to flams. The Wwro prizeipal effaecta
of hoat which must bs considered ara: (&) Yocel cutsnsous burpg: and
{(b) genseral increzse in body tempersturs.
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Morite and nis group deéscribed two mechanisms of dsath in plgs ex-
possd te heat (7).  When the animals wers. heatad glowly, death octdurred
&3 a result of peripheral vascular collapse with ettendant prograessive hy-
po+ens¢an= In brief expesurss to high eir temperatures, thers was cirou-
latory failurs of central rether than peripheral origian. The cause of
Tthe - centra;‘sirculatory fajlure was attributed %o the rapid releasc of
;potagsium from erythroeytss in hested cutansous snd the subcutanscus
. tissues and the consaquent damaglng effeot of the pot5381um on the haaru,
: The goats exposea to the Claue Lhrcwrr dlu Lot fhil
‘either olass. | The heart action in some animals -stopped bs
about the same time as the reapirations. Two of the goats in this group
had ssrum potassium values ebove the presumed lsthal. level ana ons (DF 28)
an electrocardiogram (Fig. 2) whieh showed veatriculer fibrillation that
might have been caused by the hyperpotassemia. In other gosts, ths res-
pirastions oeassd well in advance of the last heart best; ind all of ths
eleotrocardiograns were, in the terminsl phase, of the anoxic typs.

Only one goat of this group had a high serus potass*um valuaq

It would anpear from these data tha‘L in some onses at least, the -
liveration of potassium into the dblood strear is en important mechanism
in death from exposure to flame, It is not, however, the onliy mschanien
since nmost of the guats which were killed by flame did not show & final
serum potassium concentration at or above the lethal level, snd since
respiratory arrest preceded cardiac arrest.

The data on the gosts do not" llcwran acourate evaluation of the
role of peripheral wvascular collapse. The pressnce of shock, howsver,
was indicated by the hemoconcentration (Tabls VII) which war chservaed
with fair regularity.

Thus, while nc definite statement can be made as to the axast
cause of death in animals exposed to the sffects of flame in the open,
it appears from the data on hand that heat per se is the primary lethal
factor, that respiratory involvemsnt may or may not be npresent depending

r. the particular conditions of the conflagration, but that respiratory
invclvament is not a necsssary sccompaniment of fatal exposure.

Ons can, th for%, generalisze that long (15 mlnute) exposurs to
an eir tempersturae of 80%C. can kili by causing acute periphsral vascu-
lar collepse (h Orlta a8t al;), short exposures (30 seconds) to tempera-
tures of buQ C. can Xill by veusing & rapid releasse of potassium izlo
the blood stream {Moritz et al.}, and that sxpesures on the crder of
nperaturcs approximating Lhat of flems {ihess experi-
by saveral mechanisms which include hypsrpotasaenisa,

a shock.
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TEE TOXICOLOGY OF FIRE

PART III. The Creation of Toxic Atmospheres by Firs
" SUMMARY

Zxperiments in which flame throwers charged with petrolews fuel
were fired inte = poorly vsantilsted structurs (& Japanese-type bunker)
are described. In portions of the structure whers turning fuel did
not penebrate, the oxygen conceniration of the atmosphere was temporar-

ily reduced to levels as low as zero, carbon monoxide resched &s high
as 3.5%, carbon dicxide was high asg 10%, combustible hydroca'bons 68
high as 10%, and sir temperature ms high as 3759C.

Goats exposed to these altsrations in the atmosphers frequently
died, and there was & fair correlation batween the arnimal mortality
and the severity of the changes in the atmosphere as meessured by the
integrels of the ges conceuntration:time curves mnd air tempersture:
time curves. .

Physiological examinstion of selected goats dylag from exposurs
to flame attack in the bunker revealsd in the majority of casss the
pressnce of enough carbon monoxide in the blood to bs considered lethal,
There wac also a dsficiency of blocd oxygexr, & rise in rectal tempers-
ture, and hemoconcentretion. Pathological exeminstion revealed pul-
monary edsme in many of the goats: The significance of these chunges
is discussed.

It is pointed out that in ccuflayrations enccuntered in civilien
life similer etmospheric conditlions may prevail.
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THE TOXICTLOGY OF FIRE

-~ wPART III. The Creation of Toxic Atmospheres by Firs

I...°. HISTORICAL

? _ : Fart I of this papsr pointed out the practical importance of [lane

| war{are in World War II, ard the desirability, from the milltary point of

Lot - visw, of gaining nors inhorratiuﬂ as to the mochanisms, other than con~

P - tact with vurning fusl, oy which Ilams praduced casualtiss or killed.

: -+ Flame warf{are was especially effective in the attack of enclosed fortifi-

. .- catvions such as dugouts and bunkers, s2nd it was roted in both the Européan
snd Pacific Theaters that the ocoupants of fortifications subgected to
flame atteck were semetimes killed without vigible evidence of being
burned.

These observetiona led to the hypotnes,‘.~ that flame mignt kill or
producs casualties by virtue of heat (radiant and ¢ircumsmbient) or by
the ereation of & toxzic utmosphere, i.e., ones deficient in oxyzen and
contesining toxic constituents such ay carbon monoxide, carboun dloxide,

, hot particulate matier, steam, and possibly irritant gassas resuliing
from the partial decompoeition of petroleum fuel,

The relative importance of these lathal or cesuaity factors could
%t be asseszsed on & priori grounds or investigated on the field of
attls, so & progrem of experimental investigation was set up as des-
criced in Part I of this pasper. It was felt that heat should be the
declsive casualty-producing factor undor conditions of good ventilatior,
such as flame attack in the opsn, whers there would be little cpportunity
for the scoumulation of toxic gases or & deficisncy of oxygen: Part II
c¢f this paper describes experiments which established the correctness of
thiz assumption. The present paper describes experiments which show
thet 2 toxic atmosphere can be c¢crested by fire burning under conditions
of poor ventilation and that injury or death may result fror exprsure to
such atmoepheres.
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The 1ntarlor of rthe bunker was’ d1v1ded ;nto three cunhartments bv

,jme&ns of Dafples but the compartmenus wers not ol oaed: off from one ano*he*ff{‘vf:'

by doors. . Burning fuel fired intc one Gompartment was retained in that

,combartment by the- baffles, ut flame and smoke penetraved to the other
'camnartmentsq, Reasons of m_lltary security have’ prohibited the: reproduc-

tion of = drawing of this bunker; and it is, therefore, impossitle to

'l,v1sualize the experimental setup exactly. However, the flame thrcwer o
‘was fired into the ccntral cempartment of the bunker. Goats and sampllng"”
“equipment were placed in each of ths &dJ&“eﬁu compertments at positions

which' 28y be-labelled-Positicn 1 and Position B. -Gomts in these posi~

,,tlons Usual ly did: not sustain severs ‘skin burns when the . flame thrcwer
‘-was firad 1ntc the centra¢ oompartment of the bunkerc' -

The goats at Poaltions 1 and 8 wers tethered adgacont to sampl’ng
points whioh consisted of -a thermocouple for measuring air temperature;
and a pipe line for drawing off samplés of air for analysis. A4s des-
cribed in Part I of this paper, continuous rscords could be obtained of
‘the air temperature, and of the concentration of oxygen, carbon monoxlde,

" cdrbon dzoxlde, and combustible hydrocarbons, before, during, and afie

a ghoot. +In a few experiments, where small quantities of fusl were used,
goats were exposed at Position 5, a location closer to the embrasure at

which the flame tirower was aimed than were Positions 1 and 8. No meas-
urenents were mads of air temperature or gas concentrations at Position 5.

. Two fusls were used in these studies. Both were composed of petro-
leun hydrocarbons, but differed in viscosity. For purpcses of descrip-
tion, the one fuel will be characterized ag "thick™ and the other as "thin"
fuel.  Varying degress of change in the atmosphere of the bunker were
produced by varying the emounts of each of thess fuala fired into the
bunker, .

Ths procedure followed in sach trial was to place the goats in the
desired positions, start the sampling spparatus, and fire the {lams
thrower.

As soon as the analytical 1ustruments indicated tkat the atmosphere
was azain eusentlally normal, usually about five minutes aftsr firing; en
exhaust fan was mcved into the rear deorway and the residusl smoke was
quickly exhmusted. The bunker wes then sntersd and the animals removed.

‘Those deed on removal or dying withic ten minutes after rsmoval wsre arbi-

Lrarily ciassifisd as having been xzilled by the exposure. Those survive-
: ten ﬁ;9u+:3 after reacval were itrarily classified &8s surviving the
caure- An" survivory which suf ed burns or olner injury were psain-
sl} destroysd on tha spot.
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ature and ancah-r blood sample were taken. This £inal blood samvle !as
taken from a ca“otid artery sxposed by rapid dissection. Each 10 ml,

blood ssmple was placed in a tube con itaining 200 mg. of potassium oxaxatd;i;;;ij

stirred well, and plmced on ice in a dark box. The arteriel samples wero
collasctad under mineral oil and determinstions wers. ‘always conoleted on._
ths day of the trial. The analytical methods are ‘described in Part I

of this paper. Sslectad an¢mals weres alsc ex am¢ned for gross and micro~
pathology. SR T B e : . :

B. Results -

The f*rxng of the plame thrower into the oentral compartmen of
the bunker resuited under the conditions of these exberiments in egasnt=
ielly complets combustion of the fuex,.and,produved at Pogitions 1 ani 8 a
rige in air temperaturc which reached a maximum of 400°C., a fall ih oxy- -

gen concentration to a minimum of zero; a rise in car’ 1 monoxide to &
rmaximum of 3:5%, a rise in carbon dioxide to a maximum of 10%, snd a rise
in the concentration of combustible hydrocarbons to a maximum of 8. 5%.

The time trend of changes in eir temperature, oxygen sconcentration, carbon
monoxide concentration, ‘and combustibls hydrocarbon concentration are
shown in Figas. 1 to 4, which alow the extremes and average charge in

forty trials in whioh the same quanti ty of fuel ~thiock or thin, was

fired into the bunker. ‘

It was reoognized that two factors were probably involved in
the sffect of the altzrations in the atmosphere on the experimental ani-
mals, namely, the intensity and duratiocn of the abnormality:

Attempts were mede to correlats animal mOrta’1+3 #with the pemxs

£ the temperature: Time and gas coqcentratlarf‘ me curves, but the cor-
rslationg were noct inmprsssive. It was then dscided, following the reason-
ing presented in Part II of this paper, Lo integrate the curves mechanic-
ally by mesns of planimeters and thus 4 and Ct products whish
might prove te oe more significant with respect vo- animal mortalivy.
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~and tempersture as “C. above zero, since the initial environmental *tsmpara-

ture on the instrumert scale could not be distinguished from zero ©C. The
height of each nlstogram repirecents the mean value for thick and thin fuels,
respe 1vely, and the superimposed dots show the scatbter of the individual
valaes. It can be seen from Figs:. & to 8 that the invegrals of the temper-

ature:time and concentration:time curves wera zalrly ccnsistent, and that

there was no essential difference between thne two fuels used so far as
alterations in the atmospnere of the bunksh‘wdra concerned. -

" No curves or hls*Dgrams are showmn for cerbon dioxiae. . This gas . .
was not measured in rmeny of the trials bscause apparatus for iis conbinuous “_
enalysis was not available. The maximun peak COp concentretion, whem
measured was approximateiy 10% ang +hv,averaga peak epproximatsly 7%. As .
with the other gases, the conc-ntra+won of carbon_dloxlde;fell to essent-
ially normal levels within 4 minutes. R - '

The affect of the changss in the atmosphers ox animal mortelity
can bs sesn more clearly in another group of experiments in which the
amount of fuel fired into the bunker was varied so that a wide rangs in
the severity of conditions was produced. The dats are shovn in Tables I
and II. It had been decided by this time that the continued messuremsnt
of combusvible hydrocarbons could not provide sny further valusble informa-
tion so data are not given for this variacle, ~On ths otner hand, the in-
tegrals of the carvon dioxide ‘concentration:time curves {00, Ctis) ars
given. Ip each fieléd trial, there resulted & set of gas G%'s and s Tt in
two positicns, Position 1 and Position 8. Two goats were sxposed in éach
pogition in every irial sc th.' “-rs gcourred a goat mortallty oP 2/% 1/2,.
or 0/2 correapondiﬁg to esch set of Ct's and Tt.

The correlation betwssn the gas-temperature valuss and goat mor-
tality is shown in Figs. 9 to 12. It can be seen that there was a {air
correlation between each of the variables meazured and animel mortslity.
However, the variables heat, oxygen, carbon monoxids, and combustible hy-
drocarbons are highly correlated with one another; so that the correlation
between any one of tho veriebles and goat mortality camnot indiocate a
necessary causs and sffect rexat*onsnlp betwecn that particular variable
ené death. Thess factors will be discussed in more detail in a subse-
guent papsar.

The 2f0sct of fatal sxposure on the goats, as revealed by
chanres in ﬁue tiozd and corgan pathology, gives some information about
the causes of dassath., Thirty-one goats which wsrs dead on removal from
thie bunksr were shudied for changes in cartoxyhsmoglovin, oxyhsmoglobin,
Totel hemogiobin sencentrebdion; and rectal temperaturs. Twenty-ons of
these were exsminred for gross =ad micropathiclogy. as were also two
edditional gosts whieh wmere alive Dub moribuand when ramoved from Lhe
sunker, and whish were sacriliced.
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, ig. 13 shows the amcunt of carbon nonoxide in arterial blood
- {% BuC0)., The heighth of the histcgram indicates the average 7 HbCO, and
~the individusl observations which make up the average ars. shcwn a3 surer-

imposed points. The per cent carbexyhemoglobin was caloulated frem the
equation: T T T e e Dol Ee N e T
¢ , 7 .
ce S
- L % HDEC T - x 1CC- .
RN AN : c 7

‘where C, . was:theﬂ:arbon monoxide content of the blood (in volumes psr
cent and Cp the oxygen capacity of the olooi (in volumes per cent).

It can be seen from Figc 13 that there was no substantial dif-
ference in the ¥ HuCO found in goets dying at Position 1 and Position 8,
‘tut those dying at Posi 1on 5 had comsideradly less HoCO. - It will bs re-
called that Position 5 was clossr to the flame than the others and that,
therefore, heat was probably the dominant lethal factor in that position.

The amount of oxygen in the arterial blood (% Hb0p) is shown
in Fig. 14. There is good agreement in the values obtained at Positions
1, 8, und 5, and all values are of dcubtful significance since it is pos--
¢ible that there was utilization by the tissues of oxygen in the blood
if respirations ceased before circulatory arrest or of uptake of oxygen
by ths tlood if the animmls broathed pure =air before dying. Fig. 15
shows the per csnt changs in ths hemcglcbin ceontent of the blood. There’ e
waeg ususlly some hemoconcentration salthough e few goats showed a decrease

n hemoglobin content. The histogram shown by asolid lines for Poszt‘O“
5 shows the avsrage per cent hemncconcentration if the sxtrens value of
62.1% is excluded. The dotted sxtension of the histogram ahows the
‘effect on the mean of inecluding this extrems value. Ths per cent
hemoconcent rat*on.was calculated as: S

- R % - E‘bI o .
Co c = , X100
EDI »
,Uhe & ﬁbT is. t“e initcial total hemoglobin cnuant (in gms/lOO ml., LY
nbp the f14&7 total hemoglobin contentc
The increasc in rsctel tempersnture of the goats is shown in

fig. 18, from which it can be scen that there wes conaiderevnle variation
from zoat to goal at Position 1, and a possible vendsney for grestor
slevaticns st Position ©.

The mathanoglobin content of four zosts beforo and afier
- - . : .
l v josd

flzmz sttack ig shown in Tebls IT1. he mmount was small and insiz-
aificeant initielly and was not insressaed alfver oxposure.
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TABLE ITI

Mathencpglobin Content of Goats Before and After
Exposure To Flame Attack

-

Animal } % Methemoglobin
No. Initial “Final
14 e 1,82 0
L8 1.47 0.88
N3 | BRI 18- 73 1.57
N4 a4 0.75

and Ywo showed no avidence of skin burns. Aside from the skin burns, the
remaining pathology was essentially confined tc¢ the respiratory tract.

The lungs, grossly, showed edema and congestion varying from mild focal
hyperemis and patchy edems of the lower lobes to asvere, slmost diffuse
involvazent of most of ths parenchyms; in the more ssvers instances, the

lungs were large, heavy, boggy, or almos: "meaty" in consistence &nd

reddisn-purple in color, with « ~able mdesa ["luid exuding from cut
surfeces, and frothy edeme flu. ' . +he bronchi and trachse, From
a ccnbiration of gross and nicro: ~gg,; pulmconary sdema was 33~

timated ns considerable or wsver
moderate.in nine, and sbaent in

of the twenty-three deaths,

In about hall Mo s sz uBis zroup, thers was slight
to pronouncad edema of the '-=-mgeal mucous membrane resulting in partial,
or, in the more swvers :ns. - - 3, 8 —~ereatly complete laryngeal obstruc-
tion. The improssion =as . “s instances of laryngeal edema
were most lilely to cecur =: " w. . l¢ molsture was present in the
bunker, which mzay aave res. . v w.> p asration of stesm when ths £lzme
sutarad, The lasyax 2nd & ca cocteinsd deposits of cerbon which
often extrnniad _or ¢ ol ooada. Te dirfmnoe distally.

.

3 nificont grodr iom je. wore avsent in other organs of the
- e

w
aniv:ls in the groum exn. 3, & ¢ n Jor the frequent ococurrence of a

chercy red coror of tus Les3s I bhra:ng woere not examined.
ITI. Disctigiod
It le s gtly burning flems,
0LYgan consenira-
nag Dsen utilized in
zence or an atucs-
5T : ) £
tiovits et al.{1)
sl trays wes suntice
n coessd when Lho
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When burning petrolsum fuel is fired under pressure into a poorly
ventilated space, such as a bunker or similar fortification, the condi-
tions of oombustion permit of & much more effsciive use of the atmos-
pheric oxygen. It can be seen from Fig. 1 that the aversge minimum
cxygsn concentration in a geries of forty trials was arcund 5%, and that
it fell in some triels to & level not significantly different from sero.

The more efficient uti

Taormda

lizevior of oxygen in the flame thrower sx-
perimeals is also reflsched in

the concentraticn of the products of com-

~bustion. Where Moritz et al. (1) for example, found a pea¥ carbon mon-

oxide concentration of 1.4% in their exreriment with stetically ignited
gasoline; the everage peak in the forty trials with the flame thrower
was around 2% mand the maximum peak wes 3,5%. - '

Complete combustion of petroleum fuel should result in the end pro-
ducts carbon dioxide, water, and hest. in tnis sense, conbustion wes
not complete ln the flame ihrower expsriments just descrived, since car-
bon monoxide and unburned hydrocarbon vapcr were both present .in the at-
mosphere of the bunker, and both ars products of the partial combustion
of petroleum fusls. A detailed analysis of gas samples taken from the
bunker was chown in Table I of Part I of this report:

Noither the peak carbon monoxide concentrations nor the minimum
oxygen concentrations encountered in the bunker would be compatitle with
life if they persisted, but the duration of “he most severe oconditions
was very short and atmospheric conditions usumlly returned to rermal
within four to five minutes. There was, moreover, no striking corre-
letion between the peaks of the gas - temperature curves and animal
mortality. It was, therefore, decided that a messure of dosage which
took account of both the intensity sand duration of the sbnormality in
the atmosphere should be caloulated. Accordingly, following the
reasoning prasented in Part IT of this paper, the ges-concentration:
time curves wers integreted and the areas expressed z= Ct's (or &y C%
in the case of oxygen). The alr temperaturestime curves wars like-

_wise integrated and ths results expressed as Tt'e (Figs. 5 %o 8).

The date of Tatles I end II, when plotted in Figs. § %o 12, show
& reasonably good correlation batwesn the magnitude of the Cts and Th
and goat mortality {e/%, 1/2; or O/Z}e It ¢an bz zzen that for sach
variable (oxygzen, carbon nonoxids. e¢arbon dioxids, and air tempersture)
there is en upper limit above which both gosts were alweys killed, and
a lower limit below which nc gost wes ever killed. There #8s alao an
ictermediate range iao which fhe mortslity was quite variable, as might
e syrpected where cnly Ywo snimnels were exposed at & time.

‘\
¥

The dets of Figa. 9 vo 12 br ub & danger which ig inherset in
eXDSrimen £ ohis A co tions betwesn The respective
Ct R the inference thet any ons of
the ae This stems from the fazt that
all S ated with one another, and hence

AT T T N P S
BEITRISTHD
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f any one causal factor showed a good correletion with mortality, all ol ihe
other factors would lixewlse show & good correlation by virtue of thelr da-
pendsnt variation with the caussal factor. The possibiiity of synergistic
action must also be considered. For sxample, Hendsrsoz and Hagzard {Z) huve
list
pe

[
sted %he DhJs~o1oglca1 ef'facts of €O Gt's (recalculated in terms of voluues
r cent x minutes) ss *o;luw0~
Co  Cx : ““fe

A R 7 ey \I" AT On

L HU LJU. uUuu;.u;.G VA LU W

.8 & Just percsptlble affect

5.4 Headachs and nausss

3.0 angerous

It #ill be noted from Fig. 9 that goats died &% €O Ct's aboves 1.5 and
that no goat survived a CC Ct abovs 5.5, The resscn for the discrepancay
betwaen t‘eae results and those of Handerson and Haggard might possibly be
in differences of concentration and duration of exposurs since the rule

Ctsk does not usually heold over en extended time and conrcentration range,

(1524

but the main reason i4 more likely to be the contributiag effect of hsat,

ancxia, ®tc., to the mortalwt" in the nresent experiments.

The physiological cbservations on &1 goats killed by exposurs at
Pesitions 1, 8, and 5 to the results of {lame attack, provids some basis
for speculation us to the toxic fectors involved in the death of the animals.

Fiz, 13 shows Thet the cerboxyhemoglobin saturation averagsd around
80% and ranged, in goats sxposed &% Pesitions 1 and §, frem 20 to 87%.
Henderson snd Esggard (2) also list the physiological effects egsociatad
L',;

o£
LU
with various amounts cf carboxyhemoglobin i blo: ag follows:
< Co Eamoglobin " Physiological Kffects _
10 . Ko spprecisble effeck, sxoept snoriness of brsath

on vigzorous muscular exertion.

el No eppr tile effsct in most instances, except
snortne . L breath, avsn on modsrats exertioxn;

occasionally slight headeche.

30 Decided hesdache; irritadle; easily Istigued;
judgment disturbed.
4G to B Headzehe; slighv confusion; collapse and fainbing
on exertiion.
£C %0 7C Toeconsciousnesg; vespirebory Jailure and dearh if
sxpooure 1is long conbinued.
80 dapidiy fatal.




rison of this tabulaticn and the data of Fig. 13 shows thet

o~
()

LY
3 of ,rboxynewcglcoln probably existsed in goats axposed &t

and 8 ih the average experiment and almost certulnly existed in
experi

If an stmosphere containing ~-rbon monoxide was simultaneously ds-
Cicient in oxygzen, the lethal vlood lavel of carbon monoxids would presum-
deT be lowered. Fig. 14 shows that thes amount of oxygen in the arterisl
Llood was 1ndesd low, & finding which io coilpstible with the oxygen de-
ficiency which uﬁdoubtealf existed in the stmospiare. The figurss for
per cent axynsmoglobin must bs taken with reagservations, howsver, sinca it
ig possible thet they are too high (if oxygen was added o thorblood by
the breathing of reletively pure air before death) or too low (if oAygen
was lost from the blood to the tissues by virtue of the oscurrence of res-
piretory arrest rrior to clrculstory sarres st )e
In any even%, it ssens probable that the smount of cerbon monoxlde
in the blood coupled with the deficiency in oxygen would be sufficient in
the majority of cases vo causs dsath without any reference to the effectis
of heat. The five gcats dying at Position o (Fig. 13), however, had very
li‘tl- carbaox-nemoglobin, and it appeers likely that these ware killed so
quickly by sxposure to heat that there was 10 oppo*tunitj for carbon mon-
oxide asphyxia.

The heat exyosure factor csnnot be neplected for any of the exposures
at Positions 1, and 8, howsver, asince the majority of goats showed an in-
crease in rectal teﬂpera*ura which averaged 3 to 4°C., and was only slight-
ly less than the average increase in rectal temperature of the goats ex-
posed at Position 5. These data, whils establishing the fect thet thers
waa sxposurs to h=at, do not ellow %cc close inte*pre*a ion since it was
established ir trials whers zoats were subjscted toc flame attack in the
opern that rectal tampsraturess do not aT"ays perallel the tamparature of
tlood in 4he desp ariseries or the heart :

Both carbon d¢ox11c snd combustible hydrocerbons wers nr*ssnt_an th-
stmosphere during the exposures; and these ney nave had some effect on the
cost rortality. Evidence that will be discussad in mors detall in a sub-
seguent paner; however, lsad us to believe that these zases wers of uscond-
ery rather than primary importance.

dagd on ve=noval from ¢he bunker

n general, ths goats which were
showad scme hVAOﬂonceutration (F*ga 18). Patnological exaaination of Z3
sslectad gosts generally revesled soae pulmonary edssd. This has elso
been oovsarved in Cenadisn pre*‘ments with goats expoaa to attack by
fleme throwers (3); in previously rsgorted expsrimenits in which goats were
svrosed Lo ths elfscts of fire bLombs (%) in gsoms of L} human vietims of
the Cosounat Crove digaster (4,5): end in dogs exposzed to the inhalation
0f sisen (6).

nery sdena are many, but in the present sxpari-

fon bhad pulmonary edams was moat ssvsre in those
r
. § T - s
nsideranle molsiure in the bunker, wiich
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rl.Vhts establish ths fact that cnﬂge“ous or iethal atmous
oduced by the combustion of pstroleum under conditions of
lation, and it is believed that aimilar conditions of venti-
snuuuntercd in civilian disastars. Since the DFUuUCtS of
scubustion of pstroleum (7), are gualitetively simiiar to
combustible mn*e*ialﬁ listed by Emston (8), it would appear
present observabliocns mey have general applicability to conflagra-
olving limited ventilation and do much to explain {hs "extrens
CY Eh?t appsers to be displaved by fire gaszes under csrtain ecircum-
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On the basis of the sxperimants reported, heast, carbon meonoxide, and
a deficisnoy of oxygen appear teo be the chiaf lethal fantors. I% doss
not seem to be necessary, therefors, to postulate the pras=nce of other
toxic gases such as nitrous fumes, phosgene. hydrogen cyanide, or hydrogen
sulfide {although these may be present and significant in specisl circum-
stances} in order %o sccount for ihe desth of cesualties in conflagrations
whers skin buras are absent, or appear to be of minor importancs.
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Bxperiments are described in which a flame thrower wes discharged
into an srperimental bullding designed to bs sithar poorly ventilated or
well ventilated. With poor ventilatiocon, 5 zallons of fuel killed 28 of
96 goats exposed and the evidence indicated that carbon monoxide and a
deficisncy of oxygen were the predoninant lethal factors. Heat was prob-
ably alsc important, although the same smount of heat, uncomplicated dy
carbeon monoxide or anoxia, did nobt, in another expsriment; kxill any of
four goats, '

When the same building was well ventilated, no goats were killed
when quantities of fuel lsess tnan 16 gallouns were fired. Heat was
apparently the chief lethal factor under conditions of good ventilation.

Trials were also carried out in which a flame thrower was dis-
charged intc three abandoned mine tunnsls. Thess sxperiments showed
"that the toxic gases of combustion can travel by convection a consider-
able distance from their source under favorable conditions. The travel
of these gases, however, is interrupted or diverted by scurces of verti-
“ oal ventilation or by the interpositicn of relatively simple machanical

‘barriers. ‘ ,
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PART IV. fThe Bffect of Vsatilation

I.  HISTORICAL

It has been shown in Parts I, II, and III of this peper that the fac-
tors responsible for rapid death as & result of axposure %to petroleum con-
flagrations ars different depsnding on whether the conflagration takes place
in the open or in an enclosed poorly-ventilated structure. Under condi-
tions of poor ventilation, heat; cerbon moncxide, and oxygen deficiency are
. the chief lathal factors, while heat alone is the dominant lethal fector in

conflagrations in the open air. Death in these expsriments, was rapid,
frequently occurring within 10 minutes after sxposure to the conflagrasion.
Thus, the delayed death which often occurs after severs burns did not enter
into the picture.

This paper «ill discuss some of the qualitative and quantitative
cts of ventilation on the lethality of suzh petroleum conflegrations as
ce rapid death.

t‘
J.
rodu

[¢ ]

'0

I, EXPERIVENTAL
A, Materials andﬁuethods

The experiments ocarrisd out were of two typss: (&) Those in
winich ourning fuel was discharged from & flame thrower intvo an experimentsl
building whose ventilstion could be wvaried:; and (b) thoss in which burning
fuel was discharged intc mine tunnels having different ventilation charac-
teristics.

The experimsntal building wos sracted in the shags of & T &5

shown in Fig, 1. It was constructed cof cencrete tlock, and provision

. was nade for discharging the fuel into the vase of the T es indicated ia
Figz. 1. Docreg at Posgitions 1, 8 and 11, extending fromn floor to ceiling,
could be opened to sny desired degree in order to chenge the ventilaiiou

. charascteristics of the siructurs.

Letually, resulbs with only two dezress of ventilation will be
desceribed.  in the first casse, which can be characterized as "poorly wenti-
lated", ths doors 2% Positions 1 end 8 wers completely zlosed while the
door at Position 11 wes lef%t partiaslly opon leaving & slit 20 inches wids
ezteading from flcor te coeiling: In the second case,; characterized ac
“egll vantilsted', 811 Lhrae deors ware Tully opensde.

air Tempsra-
tion wt Posi-
fUL LG ey in




o - :
m ‘
3 T WENOYd
m”w
ONIQTING TYINTNIYILXA
NOOO 200Wd-AwtS “ : : A . p
JiVId LWINIBWIANY . \\
FLISKYNL. 2144vd up_wziu/» M@x
. . . .,v:
— g%@wﬁgg?ﬁﬁ _
2 ' o
|
~ RGOMIM
i wollvaw3sad
ORI ONIAATS, R R A e A
'
]
i
L]
[}
L]
8 v
4 20 %0040
xW NNS OHY l!!.wuxq:unu | ‘
\7 LM0d 9ININMI C3LISNVHL OWIdts
(3%
w

Pt o i A 1 I PSR SR AN

LT T R TR S T PRy ST

TSP WHE R S




s

TR T Y A 1ot v 100

- T

£
1
&
b
g
£
%
=
»
£
¥
14
;
¥
¥
!

b

RESTRICTED ' 63

stmospharic conditions were produced emong these four positions, so that in
most experiments samples were taken sither from Positioms 2 and 7 or Posi-
tions 7 and 8. The methods of contlnuously analyzing for oxygen, carbon
monoxide and air temperature are descrlbed in Part I of this repert.

Healthy adult goats, prepurea as prev1ously described (Part I of
this paper} wsre tethered adjacent to sampling points at Positions 1, 2, 7
and 8 in some of the trials so that the atmospheric conditions could bes
corre.ated with animal mortality.

Preliminary experiments with the building "poerly ventilated" were
carried out to dstermine the approximats quantity of petroleum fuel that
had to be discharged from a flame thrower. in order to produce barely lethal
conditions at Positions 1, 2, 7 and 8, A number of trials were then con-
ducted with this selected gquantity of fuel. The doors of the building
were then opened, and a further series of trials were conducted, in which
the amount of fuel fired into the building was varied,

The second type of experiment involved firing fuel from a flame
thrower into three mine tunnels of different natural ventilation charac-
terigtics. These tunnels had been bored into the sides of hills in the
vicinity of Dugway Proving Ground, Utah, for the purpese of mining metels
and were subsequently absndoned. They were predominantly horizontal, al-
though in some cases as will be dezeribed, the tunnels communicszted with
vertical shafts. In structure, these tunnels were not unlike some of the
caves which wers defended by Japanese trcops in the Pacific.

It was not prasticel to make continuocus analyses of atmospheric gases
or air temperature in the mins tunnels bascause of their inamocessibility, so
Lhet spot saaples ware usuelly taken with Bureau of Mines vacuum bottles,
or by pulling air frcm the sampling point into collecting bottles by means

of & / inch. i.d. pipe and a vacuum pump, The smmples were subssquently .

&

analyzed s~ither by the Bureau of MNinea, or the Army Chemical Corps.

Siucs mine safety lamps and carbide lamps will not burn in atmos-
pheres contsining less than 16% and 12% oxygen, respectively (1), these
lamps were used in all trials to determine whether tle oxygen concentration
rad fullen below ths recpective critical parcentages during & trial; as
well as to determine the time after firing when sufficient oxXygen was presg-

1\1o"ment of the cerbon monoxide absorbing canister of

The carbon monoxids conceniration was roughly ds-

Fith the Hoolamite mpparstus{l).

ent to "LlOH safc

et

60 to 10“ lbs., and wrepered in tha usual manner were

-
on soue of the an;mals
3,

8 s L

¢ tuanal on moest of the an ;:a‘s bQ"V‘Vi”V the flame
Llood wers withdrasn from bhe l=22% veniricle of all

ved desad from the tunncls, #11 blocd sawples wera
from the sy.‘ngs:s, undsr oil, inte test tubes contain-
stored in e cool thermog jug during trenspertation to
anol & 2 conpleied within 18 hours.
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As in trials previously described in Parts II and III >f this paper,
the petroleum fuels used in the present trials wvaried littis in chemicel com-
position but rathsr markedly in viscosity, so thet some nould be charascterized
88 "thick" and olhsrs as "thin". Since the datas of previoua trials failed to
revea. any significant difference in the physiological effects of ths "thick™
and "thin" fuels, no distinction will be made among them in describing the
present trials, either in the experimental building or in the mine tunnels.

B. Resulta
1. Trials in the experimental building (Fig. 1)
8. Trials with the building poorly ventilated

‘ Twenty-four triala were carried out in whioch & gallonsz of '
fuel were fired directly into ths building through an opening adjacent to

“Position 11 {Fig. l1). Oxygen concentration, oarbou monoxide concentration

and air temperature were recorded continucusly at Positions 7 and 8 during

and aftser the firing of the flame thrower until atmospheric ccnditions had
returned to aprroximately their pre-trial status. Goats were exposed during
the first 12 trisls, 2 at each of Positions 1, 2, 7 sand 8, or 8 goats per trial.

Following the reasoning presented in Farts I, II and III of
this paper, the curves relating gas concentration to time, and air tempera-
ture to tims following a trial wers integrated mechanically by means of plan-
imeters in ordar to obtain Ct and Tt products which expsrience had shown to
be significantly related to animal mortality. The ourves wers integrated
from t=0, time of initial instrumental deflsction, to t=x, the time when the
instruments showed an sssentially normal atmosphere.

The results of the 24 trials are shown in Table I. The
goat mortelity in the first 12 trials was 26 of 96 goate sxposed. As stated
previously,only those goats were counted as dead which were dead on removal
or died within 10 minutes after removal from the tuilding. The CO Ct's,
the Oy Ct's and Tt's assopiated with the 27% animel mertality are shown in
Table I. The everage CO Ct at Positions 7 and 8, averaged over all 12
trials during which goats were exposed, was 2.89, the 4 0p Ct 66.65, and
the TL €47.7%. When the individual Ct's and Tt's were aversged over both

Positions 7 and 8 and all 24 trials, the results were: CO Ct, 3.b3;
A Oz Ct, 65.41; and Tt, 666.71.

b. Trials with the building wesll ventilated

Fourtsen trials were carried out in whioh all & doors %o
the huilding were fully open. The flame throwsr was fired from the sams po-
sition as in the trials with poor ventilation, but the quantity of fuel fired
waz varied from 4 gallons to 24 gzllons. " In these trials, sauples were
tueken at Positions 2 and 7, and one goat was expogsd at each of Peositions 1,

2, 7 and 8 in anine of the trials while one goat was exposed at each of Pos
tione 2 and 7 or 1 gnd 8 in the remaining 5 trials. The results of %he ex-
poriments in terms of animel mortaliby, CO 0t, A\ Or €t and Tt, ars shown

S st -
i Table II.
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These data sre furthsr surmarized in Table III, in’
which goat mortality, everage CO Ct, average & 0p Ct, and avsrage Tt are
related %o the quantity of fuel firsd, It can be seen that the CC Ot and
AQC, Tt with any quantity of fuel up to 24 gallons did not approach ths
velues obtained with & gallona of fuel fired in%o the same structure when
poorly ventilated, CO Ct appsared to reach a limiting value when 1€ or
more gallons of fuel were fired, while A Os Ct appearsd to reach a limit-
ing value when 1Z or more gellons of fuel were fired. Aninal mortality |
increaged with the ameunt af fuel fired, although no animals died when the
quantity fired was less than 16 gallons.- The Tt product increased dircct-
ly with the qu&ﬂultj of fuel fired, from 4 to 24 gallons. When 12 gallons
of fuel were fired into the well ventilated dbuilding, the Tt product wss
approximately the same as that oovtained when 5 gallons of fuel were fired

into the same building with poor ventilation.
TABLE III

Relation of Quantity of Fuel Fired to Effects Pro-
" duced in Well Ventilated Building

Gals. Goats - Average Average Avarage
Fuel Killed CO Ct &0, Ct Tt
4 o/2 0.09 1.45 141.0
8 0/4 0.15 1.88 264.4
12 0/4 0.48 14.02 631,1
16 4/8 1.16 13.36 333.5
20 14/20 1,08 14.82 902.3
24 s/a 1.07 . (8.89)s 1136.7

(5)w»  {(26/96)%s  (2.89)s» (66.,85)%3  (647.8) s

*Single reading - not an average. Other readiﬁgs
lost due to instrumental failures.
ssComparative data with building poorly ventWIated -

Cf Table 1
Ho physiclogical observations other than classifi-
cation as dead or alive were made on the goats in these trials.
2. Trials in mine tuanels
a. Tunrel ¥No. 1

The plan of Tunnel No. 1 is shown in Fig., 2. Thia
tunnel was 173 feet in length, and ended in a pli or winze whose [loor Was

sporoximetely 18 feet below the level of ths main tuanel. A side tunnel
preached o“f the maii tunnel et u distance of 1Z8 feet from the main floor
and sloped upward to & point approxi “a+e1y 12 fest above the floor of the
main tunnel. he 51ng1e mein portal was {ths only scurce of ventilation
of this tunnel. ips lines of 1/8" i.d. were rua %o points A, B, and C
RESTRICTED
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in the tunnel (Fig. 2). A shearsd yost was tethered st each of Pos*t:o“
A, B, C, and D, The f{lame thrcwar was fired iuto the mou*h o the,tunnel
frem s range of ten yards. : : SR o

o Flame was obssrved in the tunnel for approximately
ten minutes, but little flams came out of the sutrance. After ten minutes,
however, unlvnited vapor was sesd to come cub along the bottaw of the tun—
nel to ths portal, where it ignited Jjust outsids the cave.-

The tunnel was entered by observers wearing oxygen

breathing apparatus sixteen minutes after [iring. At this time, wigibil-
ity was only 2 %o 3 feet throughout the mine: = Heat was noticeable only .in

the region where the actusl combustion took place. - Beyond ths first turn
of the tunnel the air was cool: : o o

Table IV shows in relation to the number of minutes
after firing the gas concentrations which were obbtained through the pipe
" line system as well as by means of Bureau of Mines vacuum bottles, and also
shows the condition of the goats. As indicated, observations were made to
determine whether the flame safety lamp or carbids lamp placed at various
positions within the tunnel before the fuel was fired were or were nct
gtill burning, and the density of the smoke was estimated.

Goat A was reached by the observers 15 minutes after
ths end of firing and was found dead but unburned: The carbide lemp was
not burning, aad a vacuum bottle samprle was taken a% a level of 2% fest
above the floor. At 22 minutes, Goat B was found alxve and unburned. The
carbide lamp at Positien B was not burning. At 23 minutes, Goat D was
found dead, but, like the others, unburned. The carbide lamp was not dburn-
ing. The zost at Position C in the bottom of the pit was reached 24 min-
utes after the end of firing and was deed. The flame safety lamp at Pusi-

tion C was not burning,; and a vaguum bottle sanple was taken at a lsvel of
1% feet above the floor of the pit.

’ One hour after firing, the air of ths cave within 10

foet from the portal was irriteting to the eyss although visibility was
parkedly imcroved, and the flame gafety lamp burned normally: A Hoolamite
deterpdinetion st this point indicated epproximstely 0.4% carbon monoxide.

Sevent-five minutes aftor the end of firing. the
flams sefety lamp would burn suywnere in Uhe tunnel cxeept when lowered
into thu pit at Position C. The animals ware then removed froa ths
tunmsl Ly men wearing appropriate respiretery protection. The geat at

)
Positi@n B was dead 8% tnis time.

Blood was drawn from the left wventricle of each of
¢ within b minutes after vsmoval frc ha tunnel; for hamo-
rit, oxyhomoglobin and carboxyhemoglobin doterminations:
the analyses Aars showm in 0

hematon

the dead enimel
£ n, g
esults of



sduer ,9JouTm OTI06TE Y3 °3F ¢ UBYD S50 FCRRRORERTEE"

-dwey ,eJEUTW OTJFOOTO U3TM °33 09 UBqy 8997 AQ1TI0T3TH

| - 97q830040p 9ows ‘pajruilun AYITIQIETL
cyeUUn g TTBW Jo JIO0OTJ @a0q@ "3 J ¢ [eseT 8 OF P8 TEDLIG S

o
= pey 3u03 JuTIYy JA3Je POAISSQO TIRM - Teuuny utgu Jo JACCTJ ©A0QY °3J ¢T ©878d uo pooard 3300
= o : | : (*pojou estaieyno sseTun adjd HurTawes
& . JO pus feuuny Jo [94a°] 3}¥ uUeywy sorduug) “se(313j0g WNANOBA SOUTH JO NBAJNY YLTIM Uopuy G T UWI
4 - o _Ihmwme!wmmm gInoaysy mespwy €5TATO3
o - g8*¢ g ¥ 90 - 2°0 9" 0o°¢c - 0°0 0°12 0°0
ACOTE ey
9°0 'y e°%1 9°0 . A A
pes( -~ g 390D )
°0 €0 9°C¢ =£0°0 ik
: : 1’0 ¥'0 %02 WO #
*Butuanq qon dwey £36)89
. gd-ﬁ-& N Mvﬁeal 0 Pdow JO0 i-;.\s
. L0 2°¢ 8°2¢1 L0 .o
“Butuang jou
dweT spialwd
*p89(~(0 380D
«Futuanq 30T
duey epyqIe)y °*ENOIOS
~uconun ‘eATTY «axf 3%0H
, 90 ¥°¢ 0°9L 9°0
- 8°% 678 ¥0o - L A 1°s81 2°0 - L*2 6°9T U°D
*Sutuing jou dway spTq
~I8 DB - ¥ ATOS
A°C 2°% UL OLTO
- AR ¥y21 90 - ¥ o ¥wL  2°0 - g'¢ 08T 0
- 2°s  o°¢eT 90 -~ 3  ¥IT 9*0n - 9y 221 P70
- 0°g ¢°g1 <¢°0 - 2°L 0'0Y 9°C - 0°¢6 2°4 2"C
- 1 8°8T 0°C - gy »¢T 270 - 2°17 2% 9'0
- . T°0 02 0°3 - 8%4 18 8°% - 3"% 2°¢T &"¢
ond,%op%  Zodk  cpy  oAw Cooy  “od ook 03% 0%
(G U0 131803 0 uotIReg g UCT41a0g
7 coN fauumy
o
= . : ATl ATHYL
~ W - £l -l mosnd o~ - b it M Nk il SRR T el o B Dol caad! 0 ) z\tu‘..\—..\—m. LT RN o ] Y L LT




TABLE V

Blood Studiss on Goats in Tunnel No.l

Posi~ Observa- lfandition ~ Hemo 1obin Hemocooris S 0 EAE)
tion tion - , g§0./100 ml. : :
Tims - Init. Final Init 2 Final¥ Piaal Pinel
min. . o _ T
A 19 Daed 16.7 11.7 42 39 0.3 T4
B 22) Unconscious
: 76) Dsad 10.0 8.3 - 31 27 g7 8¢
¢ 24 Dead e 8.3 - 26 1.2 71
55 0.3 79

D _ 23 Dsad 2.0  1l.4 31

The ventilation in Tunnel Ho. 1 was sntirely by cone
vection, i.e., air entering tho tunnel from the outside belng warmer than
the sir in the tunnel, rose to the ceiling and irsvelsd along the ceiling
until it cooled. Air left the tunnel from the bottom. It 1 interesting
that the gases of partial combustion were carried back throughout the 173
feet of the tunrel by this simple mechanism. It is obvioas that the

amount of ocarbon monoxide in the blood coupled with the existence of a de-
ficiency in atmospheric oxygen would be sufficient to cause desth. Heat
was apparsntly not a significant lethel fector at the p..... whera the

goats were expused. :

.

5. Tunnel No. 2

Fig. 3 shows that this tunnel had & slagle portal
lending te a main tunnel 548 feet in length. In sdditicn, thesre was a
gurving side tunnel 217 fest in length, which branchsd off {rom the main
tunrel 34 fest from the entrance.  The long tumnel had several fissures
of various sizes at different points throughout its length. Theso ars in-
dicated in Fig. & by small cross marks, eithsr singly or connected with =

anlid line to indicate. in the lattor instance, a fissure which *‘ransected
the entire tunnel. The shorter btunnel was similar %o Tunnel WNo. 1 in thst
there were no fissures or other opsninzs except ths portal where it joined
the main tunnsl.
Triel No. 1. As indicatad in Table VI, gozts

aitions A, B, C, and D. Carbide lamaps werse pl
a flame safely lamp at Position A. The fleoms
hrower was fire 2 the main portal trom & distasncs of 17 feet, using
the same quantity of fusl a5 in Tunnsli He. 1. During 8 10 minute peried
after the end of firing. flams alternately flsshsd out of’ the opsning of
the mine, and then inte the tunnel sc deeply thati no fire appexred at tho
entrance. Eleven uinutes after firing, thres men with oxygen masks sand
gogzles eatersd the mine.

D
b

were nlaced av 2o
Posgitions C and D an
d
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TARLE VI
Tunnel Ho. 2
Yosi- Time salfter Smoke | 8GO  ROg #C0y #CH Goat Lamp -
tion end of fir.
] ing « min. e
c 14 5 G.0 £0.9 0.1 0.0 Alivs Carbids lamg
burning
B 16 None 0,0  20.8 0,1 0.0 Alive -
A 19 fowe 0.0 20.3 0.1 0.0 Alive Flame safsty
lamp burning
JE] 20 s 1,3 14,9 3.3 0.4 Dead Carbide lamp
burning
D 64 * 0.1 18.6 0.9 0.1
c 70 E{One 050 20.8 Oal 0.0 -~
4 '
B

* Visipility lessg than 50 {t.

#3 Vigibility less

# A% junction of

with elsctric miners' lamp.

than 3 ft. with electric miners’ lamp.

Lanp would not ignite snd carbon monoxide concentration was 0.1 by

Hoolamite.

HOTY: All semplos taken et leo

val of %he

head of standing goat (approxi-

wetely 2 ft. above floor level) by means of Bureau of Hinss

Vacuum Bottles.

tunnels 33 minutes after end of firing the Flame Salsty

Table VI shuws the time after firing at which var-
iousg pOQit*oﬂs were reached; the condition of the lomps, and the location

and sunmpling time of Tho gas o
sxtraommely cense Throusghout the

2pice .

isngbh of the 217

FooA 3 o3
LUV Ssildw

As notsad in Table 111, the smoke wes

Uu.l“ltf] 10:..“..}.1..5

to Position D, 3 }areas in the main tunnsl, the density of the amoke dimiwn-
ished afbter passing the first fissure. was only moderate at Position ¢ and
way undebuctable at Positions & snd B.  Tha entirs tunnel systom was cool
except for « sue LLJU satondlug slong Ths main %umnel for s distencs of B0
fset froam the portal.

(mly “he gont at Position D wses found dead.  Thin
animsl war found Lo havs 1;8% oryherozlobin, and 85% ceri yoxyhsmoglobin in
a post morten bLlood Gas apla. Lo iun the trial in Tennsi iHo. 1, heat wase
suparantly not a factor in the doeith o thig goat. Ths poats al positions
A, B, xnd G, ware sovavontly venfloctad in any Jay.

RESTRIGYED
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Trial No: 2, The results of the first triel sug-
gested that the veatilation supplied by the variocus fissures in the main
tunnel might be reducing the effectiveness of the flame attack. Thers was
no trace of smoke on the walls or ceiling of ths main tuinel by the time
on? reached the wooden construction half way in the 548 foot main tunnel,
whereas, in the 200 foot side tunmnel which had no fissures. smoke could ba
detected on the ceiling all the way to Position D.

t was decided, thorcfore, to pack all detectsble

fissures with wet straw and burlap. In addition, a standard army "gas-proof"

door was comnstructed of sorap lumber and 2 G.I. blankets in the side tunnel

at & point 148 feet from the main portul (Cf. Fig. 3). Goats were placed at

Positions A4,8,C,B;F,G; and H as indicated in Fig.3. Carbide lamps wers
placed at O positions as indicated in Table VI, and a flame safety lamp

wug placed at Position G, The same quantity of fuel was fired as in Trial

No. 1. Thirteen ainutes after firing observers entered the tunnel wearing
protective equipment. The condition of the goats, lamps. end smoke are
indicated at each position in Table VII.

The ges analyses for saemples taken et Fositions B
end C in Trial No. 2 indicate the greater sifectivenass of this %rial over
Trial Ho. 1, {(Compare Table VI and VII) so far ss the main tunnel was con-
cerned. The goat behind the "gus<proof®™ door at Poaition G was unharmed,
the flame safety lamp was burning arnd thers wes no detectable smoks in ths
tunnel beyond the "gas-proof™ door when this portion of the tumnel was first
entered. Analysis of the blood of the gout at Positicn G showed 3.7% car-

boxyhenoglobin, but this was after the goat traversed the section of the

tunnel between the “gas-proof"™ door and the main portal, so that much or all
of this cerbon mcnoxide could have besn Wreathed during removel. The blood
carboxyhemoglodin concentrations of the goetas at Positions C.E,F;G, snd H,
ara shown in Tablas VIII.

TABLE 9III

Blood Curboun Monoxide Concentration
In Geats ¢ Triel Ho. 2

“Gest  Condition. ZHn G0
G Alivs 5.7
B Collepsed 27.2
¥ Oneonscious 28 . 4
@ Alive 3.7
H Deed a6

N . xi 3 ea o PR A v et

The contrast betweon tho coudiii
.8 striking testimony to the offeotiwenssa of sim

o gy,

B R et
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Tunnsel MNo. 2

5 Time nfter ,
; Posi- end of fir- Smoke L0 o, &0, won Goat Lanp
; tion ing - min,

! A 19 Fone 0,0 20,9 0.1 0.0 Alive Burning ;
B 22 ~ Fome 0.1 18.8 1.6 0.0 Alive - :
: c 24 ® C.1-.18.8 1.7 0.1 Alive Wot burning,
Foe : roiznited .,
t B 26 % 0.3 16.4 3.0 0.2° Collap- ¥ot burning,
; sed(2) reignitad
F 27 s 0.4 15.8 3.8 0.3 Uncon- Xot burning,
: scious reignited
(2}
! H o3 w4 0.5 15.4 3.6 0.4 Desd  Not burning.
raiznited ’
G(1) 32 Kone 0.1 20.2 0.5 0.0 Alive Flame safsty
1 , lsmp buraing
H (1) Behiand "gas-proof® door.
! (2) Recovered comoletely.
i
f # Vislbility less then 10 ft. with electric minere® lamp.
£ %%  Vigibility less than 3 ©t. with electric miners' lamp.
:
[3 - .
¢ KOE: All samvles tsken st levsl of the head of a standing goet (approxi-
{ mately 2 ft. abovs flosor level) by means of Bursau of dines Vacuum
: Bottles.
i
{
g
f
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¢c. Tumnel Ho. 3
Tunnel No. 3 is shown Iv Flg. 4. It consisted of &

main tunnel and seversel bLranching tuanels,  Apvoroximately 200 feet from the
portal, 20-foot tunnel dranched of{, terminsting at Position C, at which
point a vertical shaft rose 30 feet and cormected with » horizontal tunnsl

20 feet long, which terminated with a second vertical shalt extending 20 fast
upward to the surface of the ground. Goats and lamps were pleced at Posi-

tions A,B,C,D, end F as indicated in Tubls IZ. The flame throwsr was fired
into the main portal from a distanca of 15 fest, using the same gquantity of
fusel as in the other tunnels. Seventeen minutes aftor ths end of firing,
observers entercd the tunnel wearing oxygen orotective equipment. At this
time, all gosts were alive and all lamps were burning. There was & woder-
ete amount of smoke Iron the portal to Pogition C; but none distal to the
puint whers the gide tunnel leading to Position { branched off.
TABLE IX
Tunnel Noc 3
Fori~  Time aftor T T
tion  end of fir-  Swmoke 0 {0, #C0; E Gost Lamp
ing - min.

F 26 ¢ 0.4 17,8 1.9 0.4 Doad Carbida lamp

not turning
G 27 R 0.1 13.6 0.8 0,1 4live Carbide lamp
net burning
A 28 None 0.0 1.9 0.3 0.0 Alive Cerbide lemp
: : not buralilng
B 30 Noue 0.1 19,2 0.5 0.1 Alive Carbide lemp
: burning
L 32 None Q.1 20.1 0.5 0.1 Alive Carbide lamp

not Surning

* Vigibility less than 10 {4. with e
ieibility unlinited, smocke detsctedls.

NOTE:  All samples taken at the level of tho head of s stending goetb
(epproximately 2 {t. above floor level) by means of Bursau of
Hines Vacuum Beubles.

Mhirty minutes afher the ond of the [iring &n agual
i ; R ek Twanty-one ninutes s¥tor

P : : ’ . x v TRV
firing. obpervers again anterod the tunnal wearing pro-
i

c3re

ROCong

4 e g e B L T PP S Y LR
P {’Oal_. QTS 2% FVOosLNLon i, udg
WEY e a;t;u*v*, : ene at Yosition B
bleod carvom owou')b“q concentretious of bhe goabts,
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TABLT X
Blbdd”ﬂﬁ:ban Monoxide Concentration of
Goats -- Tunnel Yo. 3

N

j Goat ‘Egnd;Ein o %Eﬁ_ﬁbb
‘ 2 Blive 0
3 B Alive 5.7
i c o Alive 16.9
| D Alive -»
‘ F | Dead 63.7

k.' sSample lost
‘ T -

III.  DISCUSSICN .
& .Thé experiments described in this paver serve to show two important
facts:s First, that the gases of partial combustion can be very effective
] in producing a lethal atmosphere in poorly ventilated structures, even at a
*%» considerable distance from the actual conflazration; and, secondly, that a
: given gquentity of burning fuel is more dangerous to life in a poorly venti-
lated structure than in a well ventilated ona.

The triale conducted in the experimental building are of interest
because hest was an important lethal factor both when the building was poor-
ly ventilated, and when it was wsll wventilated. Nevertneless, the gqusnt.bty
of fuel required to produce a time x temperaturs product of approximately 600
degres nminutes was 5 gallons under conditions of poor ventilation and 12 gal-

- lons under conditions of good ventilaetion. A dangerous depletion of atmos-
pheric oxygen or dangserous build-up of carbon monoxide comparable to that
produced by 5 gullous of Tuel under conditicns of peoor wenktilation cau’d not
be echieved under conditions of good ventilation, even with guantities of
fuel up to 24 gallons.

If, therefore, one was exposed to a conflagration at relatively
close quarters, as was the cass with the goats in %he sxpsrimental building;
onc would have to worry most about toxic gases under conditions of poor
ventilation and about hsat under conditions of good ventilabtion. For &
ziven gquantity of burning fuel, thes chances of gurvivel would be better
under couditions of good ventilation.

i variments carried cut in the mins tunnels sorve to illustrate
Los far the toxic gages of partial cuwbustion can be carrisd

In Tunnel 1

tuanel, 1

5

1
couditionsd were produced at the extren

e

Pl

e L
1 2 ' o4 4.1y o " EI R S 1y not
73 fest from the portal end neab was 0bviously not a
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The experiments in Tunnel No. 2 illustrate the effectiveness of verti-

cal ventilation in acting as & barrier to the horirontal movement of the gasss

of conbustion, and they also illustrate the relative”ease of stopping the tra-
vel of these gases by providing a semple mechanical barrier such as the "ﬂas—
proof" door constructed of two G.I. blankets.‘~ - :

The third tunnel differed from the firat two in having a vertioal

rshaft £o the outside at the end of a branch from the main tunnsel.- -The ex-

periments cerried out in Tunmel Ho.3 show the sffect of this 'srtical shaft
in directing the path 4aken by the smoke (mnd toxic gases).

It.ls obvxcus from the experiments 1n these tunneis, that a reletive
remoteness from the point of an actual conflegration within an enclosed
structure, and where no heat is experienced, cannot guarantse safety unless

73%036 is separated from the conflagration by scurces of ventilation which
*aerve to draw off the toxic gases, or by a mecnanical barriez tc tha travel

of these gases.
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Medical Division Spezisal Eéport Ro. 4
TRE TOXTCOLOGY OF Ffiéa_
PART V.  An Evelustion of.the‘%bxic-ﬁz-iy
Factors in Conflegrations
I. HISTCRICAL AND THEORETICAL

It has been show: in previous parts of this psper that the necha-

nisms by which petroleun conflagrations producs casualties which farmi-. vfﬂ”

nate in rapid death are different, depending on the 2onditions of venti- -
lation which attend the conflagration. Where ventilation is very good,
as in conflsgrations in the open, heat is the dominant lethsel factor,

and death is the result of hyperthermia. Where ventilation is poor,
however, death is apparently the result of anoxia, attributable to reg-
piration of an atmosphere containing carbon monoxide, carbon dioxide,
smoke, unburned hydrocsrbons; and deficient in oxygen. THeat may play
some part in affecting the toxicity of the atmosphere, but under other
conditions may contribute nothing te the toxicity of the gas mixture
making up the ambient atmosphere.

A very important otjisctive of these experiments was to provide in-
formation on the relative affectiveness o” the different lethal factors
concerned, in order to gulide research on protective and therapeutis
measures. It was relatively easy to say when heat alone was ths domi-
nant lethal factor, but whan a toxie atmosrhere was involved, it was not
easy to say which constituent of the atmoaphere was the dominant toxic
factor. Some of the difficultims in svaluating the toxic factors have

lready been discussed:

It wes decided, therefore, to investigate the problem by synthesis.
Tne Clinical Research Section, Medical Division, Army Chemicel Corps, was
rresented with the results of the experiments previously dascribed in
wnich death of goats was appasrently due to carbon monoxide and anoxia,
and was asked to sxpose goats to tho xnown lethal facstors singly, and
ther: in various combinetions, using intensities and duration of exposures
comnaruble %o those actuslly observed.

Since conflagretions of petroleuwn fuels undsr conditions of poor
veatilation do not result in coamplete combustion of the fuels, unburned
hyydrocarbon vepors had to be considersd as possible lsthal agents, It
had beewn noted by severel investigators that sorious cardiac erchythnia
and even desth following ventriculsr fibrillation occurred scmetimes dur-
ng 'hlcroform and cyclopropans anesthesia, particularly when surgery was
1 during the sarlier stages of anscthesia (4-8). Sevarsl investi-

noted thab the intravensus e n of epinsphrine, s & substis
thstic s*‘mwiacion of prematurs surgery, could produce
;1th the ichelation of certein volatile

[ S

e —————
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hydrocarbons a“d halogenated Hyd"Oﬂa'bons (9-11).. It was thudrht £
that the inhalation of hydrocarbon vapers during & petroleua conflazr

coupled with the intense emctional stimulation ’1<eiy Yo omour duniﬁ
ure to conflagrations, might well result in & situation analegous to prena-
ture surgery or ep¢n=pnrin° injection during inhelation of inrocnruon
anesthetic.

The Pharmacology Secstion, iedical Diwision, Army Ohemical Corps, headed
vy HMajor A. Z. 3ilmsn, was usked 50 luvestigate this point (12) Dogs
Were, therefore, expocsed to the inhaletion of hydrocprocn vapor in concen-

trations similar to those enccuntsred in poorly wventilatsd conflezrations, -
and wers injected with epinevnrine in order tc stimulates ths sympathetic
nervous system.

‘The experiments involved were as follows.
II. EXPERIMENTAL
"

A, "Synthe+1o Experiments

ts {or in.a few expe“lﬂents, pigs) were-ususlly restrained in

the supine posit;on on &n animal board. An infletable suff was placed

+

around the chest or uvper abdomen end connected Lo a tambour which recorded
on & kymographo One of the femoral arteriss was cennulated under looal

‘anesthesis/for the purpose of teking blood samples and recording blood

pressure-  Blocod szmrles were collected in a heparinized syringe, sealed
ith marcury, and kept on ice until analyzed.

Uxygen, carbon monoxide; and carbon dioxide contert, and oxygenl
capacity of the blood were measured on the Van Slyke-Neilll apparatus., Hem-
oglcbin was determined on each sample bty e modification of the Evelyn-~
Malioy (1) cyanmethenoglobin method.

The gas mixtures were made up in two 100 liter gasometers, arnd the
comnogition of the gzas was checked with the COrsat ampparstus. The gasometers
1 re tubing to a snugly Titting need mesk, and the
on the gascueters. Ceontinucus readlngs were
spiration and respirasory rate.

aninel ins

8UL
vep ip A ey
ILAGE CT mirn

c
.red a*rect;; ir
ta wolwuas of re

Yo prectizal method was found for heating aenimals as raridly as
they were heated in experimants with the flame thrower. As a compromise
the trunk of the animal was wrapoded in bwo layers cof hesvy felt snd turkieh
toweling, and was encirecled with thres cecils of inductothernm cable. Jest-
ing was contirnued for approximatelwr 20-40 miautes, until the rectal tempera-
turs meassured 42.590. or higher, at which %ime gessing was started. In-
ternal %temperatures lmmedietely after deatl, measured above the liver,
were 19 - 290, higher then the rectel tenpsraturss.

Host of the blood gas dats were obtained o¢n animals gassed until
all rasn**a-s v oor cardiac activity had ceesed, Some animels were gassed
for three minutes only on ths egsamption thabt this -icht revresent a raagon-

nle time period for expnsure to the effects of a conflegration. Sueh
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animals were alleowad to b“e atne roon air, without artificial resniration,
folleow: ng exposure - )

. The pig was used in a few experiments Lscause of its nrevious use.
ne eytenswva haat studies of Horitz and co-workers. ' h '

5

in t
1. Results - "Synthetic” experiments

-

He Toxicity of low oxuge“ mixtures

, soats were subjected To an atmosphere cof pure nitrozen or
nitroger conteining up to 4.4% oxygen, since oxyzen concentration found in
prev1uds experiments renged from a minimum of zerc to an Mavarage" (Ct/%)

£ 4.4, over tha exposurs pericd. The res;lts ars sumnarizad in Tarle I.
. Tas four goets wnich oreatned 4.0 - &.4% 02 were still alive at the end of
10-18 minutes wien tie experiment wes terninased for technical reasons,
Sut the others brestihsd the respeciive sas wmiztures until all respiratery
end cardiac activity coased,
aring tre Tirst 2C0-30 sez9nds of gassing, *hs ;osts
rare asuelly guiet; violent convilsive movenents then followed, arnd were
accompeni ted Sy hyperpnea and anparent loss of conscicusness. Alter lmlé
minutes, respiratory volume diminiehed end convulsive moveﬂents dacreasad
in freguency and magnitude. The depression of respirnti &s coincident
with & cessaticen of the regular type of breathing fo*lcﬁsq vy & periond of
spnea lasting seversl seconds, which in %urn was followed by & series c?f
gasps at increasing ioferv: _ ... ~i1l death occurred.

Chraupges in cerdiac ection paralleled closely the resnira-
tory changes. After pronounced tachycardia in the seconi ngTP minute,
there was frequently a brief cardiac arrsst at ths time of apnesa Subse-
quently ceriiec action was characterized by marked arrhythm1a= The hear?d
beet was generslly audible at the chest well for €-8 minutses, and electro-
cardiographic sviderce of activity wes present fer as long as 18-20 zins.
Ir. one instancs, wventricular fibrillation resulting in asudden death
occurred before respiration had ceased (onset at 23 minutss).

Arterial oxygen saturstion fell precipitous
b - - - -
of approximetely 13% at the end of 1 minute when the animal breas
nen 1
n

+ % nitrogen, the level then decreased {urther %o less % saturetion
) gt time of dwath. With less oxygen deficient atmosphe-es the arterial sat-
uretiocn waos zeinteined between 107 and 25% until respiretion ceased when
the saturation fell sharply velow 10%.
Do Trhe toxicity of carbon ncnoxlide - low oxygen mixtures

»n
~
RN
9]

It was Gor
ent & reasonatle "averagzo" conc
t cn might bs sxpossd. Five goats wer

arben poncxide izght repre-
wnich vietims of & conflagrau
To exposad to a mixturs

-
n
poie
v
9
4
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‘of 2,77 carvon monexide in sir, -

85

“The results, exprassed as avsrazes [lor
each seriss, sre shown in Table II. ‘ ' :
TABLE T1
The pfTect of Carbon Monmoxide - Low Cxygzen Mixtures
G&s Iixuure 2.77% €O k374 g =
in sir ) in Na
in N,
Humber of Animals S 9 3
Respirstion Ceased (min.) 3.03 1.9 4,85
Last Jasp \min.) 724 4.C .51
. . . - . et
arterial Cxygeu setirabion (jo,
Jduriag Fassing LWL ain. -~ 4
1.¢c " 45,8 30 2&.7
$.0 " 13.8 10 --
5.0 " 7.6 6 16.3
£ J— P,‘
Arterial CO Saturetisn (:%)
During Gassirg 1.0 min,. 4.2 48 -
3.0 " 74.2 8z -
5.0 " 8G.2 90 -
»Jate of Zaule I.

The conviaed ef"ects of carbon menoxide and low oxyren wers
stidicd by exposing 5 goats ho 2,7% €0 and 2,0Z Op in nitrogen. The results,
exnressed as averajes, sre also shown in Table II. The effects of exposing

: — . R . .
2 goets v 3.00 o in mnitrogen sre shown in the last column of Table I1 for
tue purpceses of oanparison,

I: cen te seon zhat 2,77 (0 in air is slightly more lethsl

. © el : s .
thar 2,00 Co in nitrozen in that respirstion ceased and the last gasp occurred
sligntl .6 the carbon manoxide. Arterial ozysen setc-
. e 5
énsq ng with 2,7% 0 {(7.67) than efter &
-u?ﬁ)o
= . . [ - =
5T 2,7% carbon monoxids with 3,04 oxygen in
thar either csrbon monoxids alons or low
ed frem theorsticel considsretiouns, It can
tot i tion cemsed at an avaregs time of 1.9 mins.
. ‘ - . y g BT -
£277 Lne Lact ;cesurred &t an avsrapge of 4.3 mins. whsn the 2.7% ceroon
nonezxide witl ox-a L1 aitropgen wes ussi, Slailerly, ertorial orysen
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s8Toin sached a luwer lavel (€%)and srisrial carbon monoxide satura-
on roached o higher level (5073) after 5 minutes zassing with the mixture,

&
H geho
han with either the law oxyszen or the carbon monoxide componsnte

ci
]

-
Q
jad
~4

0. The effect of carbon dioxide RN

1

jelered j10x1da levels l’d nov sxceed 10% in the conflla~

grotions studled, ev

since there is ample avidense tna* ‘kis level is 2ot lsthal in itéelf no

exnosures were asds to ‘nrbon dioxide in air alone, It was reconznized,

however, that the stimulating ef%ct of § - 107 carben dioxide on the res-

pirstion and the rate of gass ous sxechanse in the luang, and the e“Tect of ‘
carbon dioxide on the dissocis*tion of hennszlebin from oxygen antd caerbon

moneoxlde, might have some 8”Tect sn the toxisity of zes miztures sontain-

ing cardon monexide and deficlent in oxygzen. '

Five goats were exrosed to en atmosphere containin g
2,77 cerbon monoxide, 3.0% oxygen, and 7.0 carbon dioxide. Ths result
expressed &s averages, are shown in Table III.

TABLE ITII

flect of Carbon Dioxide on ths Toxicity of High
Carbon Monoxids .- Lew Oxyzen Mixtures

co
Oz
C‘OZ

~3 ¢ o

o
(33

’.}-
o]
=

n

Humber of Animals

espiretion Ceased {(min.)

w

Last Ges> (nin.)

L’:

Arterial Oxygen Saturatio

During Gassing 1.0 = i
b 7
. ]

3.0
£.0 5
Arterial C0 Seturstion
During Gassing 1:.C min. 72
5.0 7 €9
5.0 " 91
It can Le seen frecm the date of Table IT and Tetles TI11,
Zaat 7.0% curbon dioxide had a slight and probably insignifisant effect on
ths tine of death, final sarterial oxygen seturation, or fiuel srtorial .
¢srbon monoxide saturarion, of goats gesssC with 2,77 CO ant 3.3 Cp ia
1 of ase in ecarpoxyhemaglichin were
g W

ntravions reached
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G - The eflezt of artificial fever on ne toxicity

1 izoats, & of which
antly becauss of res-
natinn before sircu-

- - Artificial fever was induced in
died within 10-2C nins. frem fever alons, uni ap
piratory failure with precipitous fail ia L1
latory failure occ;r:ed,

. The goats which sqr”1Wei inducti on of art fieinl faver-
had rectal temperatures a% the end of heetin: TV*cH ranged between 42,6
and 43,89C., It was noted that there was soie decreass in arterial ’Qxyaan
seturation after induction of fever, the initial averasé Op saturation be-
ing 91.4% and the average after induction of fever 86, 2%. Fhile the rea-
sons for the decrease in oxywen&t*on duriag induction of art 191 al' ever
wera not investizaetad the dscresase in affinity OG*WQGH hemoglobin an
en 8t elevated “em peratures may bte & factor (2).

e. Tha effect of artificial faver on the toxicity
of lethal gas mixtures

Heatsd zoats were gassed with the mixtures previously

described, and the results expressed as averazes for each series are showm

r

in Tabdle IV,
TABLRE

3ffect of Heating on Goats Ixposadl to Lethal Gasz Mixtures

- .. - - J— . .t Y
Sus Mixture ~ C4.27 02 2.7:2C0  2.7% CC 2,75 OC
in Heo o air 3.‘) /; 02 3-":‘: C‘f;-
in Y, 7.5 CCn
h s, 1T
L. i
- e
Humber of Anlnals 4 3 ] 2
Respiration Ceased {(min.) 2.1 2.8 1.25 1.08
Last Gass ( ) 3.7 4.4 2.85 £.78
artsrial Cp Saturation
Minutes ol Gassing C.5 PH I £7.1 24 24
1.0 14.4 41,2 12.2 1¢
2.0 5.4 14,5 2.9 2.2
£.0 8.6
Artsrial GO Saturstion
Hinutes of Gassing GC.5 2led 13,7 27
1,0 44,5 29,35 48
3.0 71.8 37.8 49
5.0 T3.2

4 compariaon of these dats with those ov Tavlss I, II, and IIT shews thet
heat nad a proncunced effuct in ineressing the susceptibility of rosts to
Tes A 4R it ¢

used, Tine of

.
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minutes in aninels Dvea 1_“g 2. 7ﬂ CO and 3% 0p in Y, with or without 7, o4
PN 4.2% Jg kil led in 37 minutes, compared with an awrage survivel %

sxceeding 10 minutes in unhestsd snimals; and 2.7% CO 'n air killed in 4.4
zrunutes &s Go.,.pa-efi Titn "7.4% mlm‘ues in LO’to not 'subds wed too

[

st

o - . s -

o L

urterlal ox,bea saturetion fell auch more rao‘"’y‘

Las hQQuEQ nnlﬂals vith all gss mixzaresy  Carooxyn 'moplsdbia, on the other
- "hend, increased more slowly Gthan in unheabed a“;wals, except for the groun

getbi.a 2.75% GO in aliv., Ab deatl, tho vlovd of heated asaimals expossd %o
Z2.77% TC and 3.0% Qo conbained only 37.87% carboxg‘enoglobin and that of
an inels expossd to 2. 7% CO, 3.0% Uz, gnd 7 .0% uOd econtained 49% carboxy-

nemeglotin as compared with ssturations of about 9Q~ in unheated animels

- (Taples IT and ITI). . -

£+ The comparative effects of low~ oxyben and hi gh
carbon monoxide on joats and pigs

: In order to get data on another specics than the goa*,
snd bezause of the aextensive heat studies of Yoritz and co-workers on les,
it was decided to gas pigs with 2.7 CO and 3.0% Op in Np and with 2.7% CO,

,.‘

2,00 ‘Cz, and 706D CCp in Hpe Ths results, expressed as averazes, &re
shovn in Tedle V.
TABLE ¥
ffects of Low Oxypen and High Carbon lonoxids on Figs
i T 2.7% G0 2.75 CC
T 3.0 0 400 O
sas I xture 7.0% CO, in ¥,
in Nz
Numzer of Animais 3 3
Xesviration Ceased (ain.) ' L 1.17 : 2.0
Lest Gasp (min.) ' 443 ' 4.2
Arterial Os Saturatic.
Minutes of Gassiang 1.0 15 36
2.0 8 g
5.0 8 &
Artsrial CC Saturation
Mirutes of Jassing 1.0 75 49
2.0 3& 78
5.0 85 02
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Comparison of the dats of Table ¥V with those of Tables 71

ana III shows that the response of niga to these gas m1xtures was not apprsci-

oly different from that of goats.
g,  Survival rates after'S minutesiexﬁosure to gas mixtureS'~

. A ssries of an;mals weoro gasssd ’o*'ﬁ mirutes, and: fhen
were allowsd to breathe room air, since this gave, in most cases, Ct products’
as great 88 or grester then those ovserved ia fleld experiments (Part III of
this pager). A lerge majority revived soontansously assown in Tablz VI,
Mogt survivors wers on their feet and appeared nermal at tha end of 16

zinutes after gassing. Tharee of the 5 deaths ocourred durluo gassing.

8. EBxperimen®s with gasoline vapor and eplnebhrlne

' The experiments ”i:l zasoline vapor a nd ebinepnrlde héve been des-.
oribed by Chencwsth (15) elsewhere, and will mersly be reviewed briefly here,
Healthy male dogs welghing 5.6 to 20.4 kg. were snesthetized with
'35 mg./kg. of sodium pentobarbital given by intraperitonesl injection. Gaso-
line vepor in &ir was deliversd to the dogs through a trachoal cennula, and
“he concentration of combustible guses in the mixture was recorded continu-
ously by drewing a sample of the inspired air through a Cities Serwvize M. il.
Heat Prover. Blood pressure changes wers followed by means of & cannula
ingerted in the f{exoral ertery and attached to 2 Huertle manomseter, snd
ele"trocar i ograng were taken on a Sanborn "Cardiette"

i
~and blood pregsurz bsfore adninistration of tho gasoline vepor was begun.
uasollne vapor was then adrinistered in such manner &s to durzlicate ae
closely as possidle the concentration-tine ralationships found in exzeri-
ments with flame thrower sttack cof a poo.ly—vencilateﬁ bunker A second
elecctrocardiogren was tsken during adninistration of the qscllro vapor

v

and then, after aa 1ntervn1 of 60-120 seconds, 0,01 mg. eoiud,nriﬁe NQS

The prccedure used wes to taks tracings of the e1ect”oﬂaédiograms

~aa

injected intravnnouSLy.

Ventriculer fibrillation occurred ia 12 of 3€ trials, involving 21
dogs, in which the zescline vapor councentration reached peaks between 4 and
8 volumes per cent. Ventricular tioriliation could be inducsd in the re-~
maining dogs either oy lacreacing the chnllenging dose of epinevhrine, or by
increasing the concentration of gascline vagor, or both.

The mechanism of production of ventricular fibrillation under these

circumstances has been discussed slsewhere (15,16). While no firm corelu-
sions were reached, it avpearad that veniricular fibriilation usuelly results
whnen an ectoplc ccoaplex oceurd i: the reriod of la%e systicle or early di-
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11, DISCOSEION

The ultimsts aim of research on the cauges of rapld death in pestrolsum
conflegrations resulting from flame Lhrower atitack was te provide informetion
on the relative effectivencss of ths differsnt lethal factars concerned. FX-
cept for flame atback in ths open or undar sonditicons of abundant ventilaticn,
where heat proved to bte the detarm‘ning Yactor, it w#was not pussible Lo decide.
from the dale of {'ield trials the relative inpertance of “he different lethal

factors. The reausous for ths difficulby w111 be dsgoribed in more detail

below, but the "synthetice" epproach of exposing animals to the lethal factores

singly and in various com® vinations as dﬂﬂbllbaL in this psper was adopted in
order.to clarify the bltuatLOW., :
[

L. T"Synthotic®" experiments

1. HLcw 0% gen m.xtures

o élthbuwh, as shown in Table I, breathing low oxygen mixtures
caused rapid and prof found changes in respiration and blood oxygen,'evgu‘f
total oxygen lack was 5qnera11y insufficlent %o ¥ill im e period cf 3 wins.

= 80)., This is shown by the observasion that ths last gasp
occurred, on ths averags, 217 seconds aftsr the caset of gassing with
cylinder nitrogen, and that 5 of 6 goa“s axposed to cylinder nitrogen for
ming. recovered. Animals breathing less anoxic mixtures might die
fortuitously as by ventricular fibrillation. -

The effacts of oxygen - deficisnt mixtures on minute volume
of respiration were extremsly varieble. lany factors undoubtedly vlayed:
& part in respiratory changes and differences in minute volume sppeared to
have no signifiocant effect on survivel or blood carbon monoxids or oxygsn
content at the oxygen and csrbon monoxide concentrstions employsd. The.
effect of anoxia on the goat should parallel that of anoxia on man, since
Barcroft and associates have revorted that the oxygen dissocistion curves
of goet and human hemoglebin are very similar(14).

2. Carbon monoxide - low oxygen mixtures

Since tha concentrations of carboxyhemcglobin and oxynemoglobin,
whan hemoglobin is exposed Lu mlmuspheres containing carbon moncxide and
oxygen are proporticnal to the relative partial pressurss of the gases, it
can bo predicted that low oxygen in the inhaled mixture would favor the for-

mation of carbexyhemoglobin. The additive effect of low oxyzen end casrbon
monoxide wogld be mors apparent, however, if the concenirations used wore
¢ then those reported haere. In other words, lethal

less drestic in effect
concentrat;ons of" reduced hemoglobin and carbexyhemcglcuin were reached
within very few minutes wnen lc“ oxygen mixturss ov 2.7% carbon monoxide in
alr were employsd separat However, bleood gas cencentratiorn changes
were slightly more rapld wuen the combinevion was uiod,

Py
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3. Zffect of carbon dioxide

The action of ‘carbon dioxide in stimulating respirstory voluns
and circulatory rate ig likewise oversha'owed'b3 the nigh ceoncentration of
-carbon moncxide ani low concentretion of oxyzen ased in addition, there was
insufficlient time in most expsriments for cartor-dioxide to exert its stimue
lating action. B -

fainl fever

(_'.

af art

1=

Bffen

wr

Numerous factors undoubtedly contribute to the increased sus-
cceptibility of heated animels to toxic gas mixtures. The fact that car-
- boxyhemoglobin concentretions at time of death in hested animals was ruch
lower than in urcheated animals probably indicates thast the animals died of
the combination of other factors before carboxyhemoglobin concentrau1oﬂ
hed time to reach maximal levels.

B. Effect of gasoline vapors and epinephrins

_The- inha’atlon of 4-8 "olumes per cent of 5aso‘ine vapers followed
by tne 1qtravenous injection of 0,01 mg. eplnennrine in dogs anssthetized with
sodium lJerft:cbetr'bltal resulted in fatsl ventricular fibrillation in & certain
proportion of the dogs. This concentration of gascline vapors could well be
sncountered during peireoleusn conflagrations, and *tho emoticnal disturbance
attending exposure to such conflagraticns might well result in %thc liberstion
of sufficient epinephrine to sensitizs.tihe ayocardium to ventricular fibril-
lation, While this mechanism of death must be ccnsidered as possible in
petroleun conflagrations, the evidence c¢f tha field trials previously re-
ported, end the synthetic experiments reported hare would suggest death
usuelly occurs as the result of anoxia dus to oxygen deficiency, and the
presence of carbon monoxide in the stmosphere, and haat. The hydrocarbon-
epinephrins nochenism, however, is of considerable importance in other ap-
plications and has been discussed in detull by Chenoweth (15) and by
Garb and Chenoweth (18).-

C. Gonersal

that low oxyzen,
regpensible for

¢
*q

fo e B4
@ 0O

g Sarvon monuxide and nest ars the chisl 1s
ath in exposure 1o conflagrations undsr conditi
rbon dioxide, while potentinlly capable of inc

lethal factors, aprarently contributed 1lit
ﬂdlﬁicns of *hes, experiments. An obns" p

r ventilation.
toxicity of
to their toxicity under
ible lethal me cheni sn,
% I ephrine, leesdaing to
vantricular zlbrlllationi was npparenulv overshadowed by anoxis in actual
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In this connection, it is interesting to counsider cer
5 i the interpretation of the GXPEILmCuua1 dat

. als in a voorly-ventilatved {fortifiication. [Fig
us correlstiona between log [502 G, dog CO Ct. log
a time: The numsricsl correlations are s
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GUAT MORTALITY
LOG GO €1 VS LOG A 0§, Ct iN BUNKER
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MORTALITY

LOG A& Oy Ct VS LDG COp Ct IN BUNKER
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GUAT MORTALITY
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TABLE VII

*“.Gorrelations Between Diffsrent Lethal Factors
Produced Ry Flgme Attack Iln a Bunker

Corraelation

. Faotors Cosfficient (r)
LogJ ‘ZX éz Ttilog GO Ut | é~94 |
Log [\ 05 Ct:log T4 0.81
Log £\ 0y Ctileg COp Ct 0.81
Log CC Ctilog TY C.85
Log CO Ctilog COs C¥ O«BBV
Log Tt tlog COp Ct 0.69

It can be seen that strong positive correlations exist bHe-
tween sash pair of factors, and by refersnce to Figs. 1-6, that each
factor singly ocould be positively correlated wita animal mortality.

If only one of thesa lethal fastors, a.g., Tt, had bsen measured in
these experiments and a correlation determnined between lcg Tt and goet
mortality (r=0.86), it might have Deen tempting to spsculate that heat
was the obvious lethal factor. Similerly, if orly COo had besn meas-
ured & correlation would have shown equally zcod agreement between log
CO2 Ct and goat mortelity. Thus, these sxpsrinents {llustrate the
danger of drawing inferences a&s to causat.on from correlations where
the veriables correlated ars not independeat of other variables which
may be concerned with ceusation. It would be legitimate, of course,
to say that loz COs Ct might be as useful for predicting gost mortality
in these experiments as log Tt, or log A\ 0, Ct, or log 50 Ct, but

that is as far as one could go.
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PART VI. Protective Meagurss Azainast Injury by Fire
STLARY

Protection against fire involves bodily protection against heat and
respiratory protection against oxygen deficiency and the inhalation of
toxic gases.

Protection against very high temperatures for very short periods (less'

“then 1 second) cen be achieved by very simple means such as a layer of heat

protective ointment or thir c¢loth. As the durstion of exposure inoresses,
the requirements for a protective body covering become more rigid, the best

.devised during the war protecting against flame temperatures for more than

one minute. Moist coverings become very dangerous if they are heated suf-.
ficlently to generete steam and if the steam can reach the skin.

Resplratory protection against oxygan deficiency and the i,id&ation of

carbon menoxida appears to be of paramount importance in any- poorly venti-
lated conf'lagration. The protective measures invoived should also be

effective for protection against any incldental toxic gases that might
occur (such as nitrcus oxides, phosgene or sulfur dioxido) from the thermal
decomposition of oertein chemicals. ,

Ventilation is a good protective measire for persounnel in the immedi-
ete vicinity of a conflagration in that a plentiful supply of fresh air
prevents the development of an axygen dePl~lvncJ and the formation of
carbon monoxide as well as dilutes any incidental toxic gases that might
be present.

A second measure of protection consists in setting up a barrier be-
tween exposed personnel and the conflagration. Any barrier theat sx-

cludes smoks is likcly teo slesc exslude other toxic gases.

The amount of protection afforded by various types of respirators or
ges masks is also discussed. Cenister masks or any other devices which
depend on an adsortsnt for ths removal of tozic gases from the atmosphsre
cannot be used safely in an atmosphere deficient in oxyzen. The air-
line or self-conteined oxygen masks, on the other hand, whon functioning
properly are safe even in oxygen-dsficisnt atmoscheres or atmospherss
conteining dangerously taoxic gasss.

(1)
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PART VI, Protective Measures Againest Injury by Fire.

'I. HISTORICAL AKD THEORETICAL

-~ Previous Parts of this paper have shown that the rapid death which
can occur as a result of exposure to petroleum conflagrations may be due
to heat, or to ‘the inhalation of & toxic atmosphere, or to a combination
of. these. Ventilation determines which of these factors predominates.
“Zf ventilation is good, heat is the dominant lethal f{actor and rapid
death results from a generel or local selevation of the body temperature.
The delayed death whioch usually occurs &s the aftermath of extensive sur-
face burns of the body was not a subject of study in these investigations.
If ventilation is pocr, inhalation of e toxic atmosphere is the dominant
‘lethal factor, and deatn is the result of anoxia which stens from a pri-
mary oxygen deficiency aggravated by the presence of ocarbon monoxide and
to & certain extent, carbon dioxide. Heat may be present as wall as &
toxic etmospnere and contributes to the anoxia.

Protection against injury as a result of exposure to conflagrations
“involves, therefore, protection of the body against heat, or protection
of the respirsatory tract sgainst anoxia and carbon monoxide or poth.

II. PROTECTICH AGAINST HEAT

Heat reaches the body primerily by convection (ambient heat) and by
radiation (radiant hest).  Both typss of hsat are present during confla-
grations, radiation occurrlng either from the flams itself or from objects
heated by the flame, while ambient heat comes from phyaisal contact with

the heated atmosphere. Protection of the body against total heat, there~
fore, can be aclhiieved by insulation with a protective layer which does not
readily conduct ambient hsat to the skin; and which refleots radiant heat
or absorbs it in its external layers.

Ths duration of axposure tc heat as well as the intensity of exposuc~
dotermines, tc a great extent, the nature of the protesction required.

Yory brief exposurss {less than 1 second) to ve"y high temperatures such

ag occur in explosions result in flash burans. The temperaturos in the
exploding gasns of ordinary munitions may resch éQOO %C. and most of the
heat emorgy 18 ia the form of raiiation. F B1oDurns way be extansive
and feial depending zapon how wuch of Ths boly is sxposed, but desth is
seidom or ever imasdiste. Louger, tnough brisf, exposurss to aigh

' n. Hcritz and co-

~temperatures may result in repid hypertneraic deatl
workere (1) showed Hhet 30-second exposures Lo sir beapsrature of the
ordsr of 5C0°. produced a somewnat 4ifferant tyrve cf fetal damage to
sigs than longer {10 minute) and equally [abtsl exrosures to temperature
xperiments with petroleum conflegrations,

LOQ =Y

of +ths crder of 200°C. In scre e



“goats, but the mechenismof death differed slightly from that deecribed

“izing water of orystaliization ¢én hsating, such as borax, would be aivantageous

.aturez, For this typs of exposure, s thicksr laver of insuletion is reguired.
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5 second exposurss -to tempefatuxesfof the order of 1000°C. wers fatal to

by Morits for pigs. . In these instances the cause of desth was aystenmic
or local hyperthermia although the exact me»h&n;sm by which death was
acoanpli:hed ilffered from’ one type of expoaure %o another.

It is probakly a fair generali:ation to sey that the shorter ths dur-
ation of exposure to heat, the simpler the protection required. Experience
at Pearl Harbor showed that flash burns were prevented by ordinary gotton T
shirts. The bulk of the heat produced in a flash combustion is radiant
{infrared) and the thin T shirts were able to provide enough reflection and
sbsorvtion of heat to prevant burnms to the undarlying skin.

Protective oreams and ointments also have a limlned valus-in prouevthc E -
against heat - particularly rediant heat. ~Qintments whioh contain mstallic
f'lekes, for example, reflect both infrared and visible radiation well if the
wave length of the radiation is small compared to the diameter of the metal-
lic flakes. Metal bearing ointments wers not suitable for military use be-
cause of their high reflection of visible light, which was incompatible with
canouflags requirenents. 'Nevertheless, both the Army sni Navy produced
anti-Ilash ointments which were capable of reflecting or aksorbing a high
prorortion of 1uuident radin*ion, both infraréd and ultraviolet.

Radiant heat reflacted away from thc body has to physioclogical ef?ects,
but atsorbed heat raises the temperature of the ointment, and since this is
in intimate contact with the skin, the heat absorbed in the ointment can be
readily treansferred to the skim unless: (a) It is dissipated in an endcthernic
reaction, or in vaporizing an cintment constituent; (b) or the sintment is =
poor heat conductor; or (o) the ointment has a high spscific heat so -thev a
relatively large auantity of heat is requ*red to ralss the temperature.

It appeared for a time that substences which would effervesce oy volatil

ingredients of heat proteotive ointments, since ths sffervescent action i1s vothn
endothermic and generates a layer of gas which is a poor conductor of hrst.

It was found, however, that such olntments Tsnded to produce asteam burns of the
underlying skin wnlcn were mcre severe than woald have been the caso if the
axin wers dry bub otherwige unprotected. Whils ointments end thin ¢loth are
able to protsct against wery high temperaturas of very short duration, they
cannot afford much protection ugainst lonpger exposures, even at lower temper-

Sc far us protective ﬁlﬁthl;; flone is zoncerned, 1t 1
vige types which can w1thstand lame temperaturas
Thne familliar as bes;ou suits of oll well fire fi
These are not ccubustible and condust hsat ponr
10 secondsg of YPQSUKB Lo lame they may bdasons

Thelr thicknes:, aud, of course, bura the underlying skin. Fls:
suits, like f- #nrick, do not burn bul cun % 22ome very hot, X
mor during the wer to find Thal cobton clothing worn under thoe N>
gults was cherred even though the muler protestive suit showed co ¢

_
nest damaze. In one extremne azxperinent uOﬂLi?iGA Ly this Madioy!
o
I menaiin was dressed in s proteetive suil of ine

- o
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adls design snd was exposed to the dirsct blast of & flame thrower. The suit .
wag unharmed but the dummy itself was bedily charred. This is not intended to T
minimi 26 the value of proteoctive clothing., With stendard available olothing j
it is possible to sustain exposure to flame for a metter of seconds without in— -
Jury.  With the bsst protective clothing developed during the war, the period

‘of exposure could be extended to more than a minute. . This time, while short,

may be all that is neoded to escape from dangsr or perform some important act

of Zafense. Since special fire protective clothing is not readily nvailable,
howsever, it waa ol ia%ersst to etudy the degrme of protection provided by

ordinary gualen o ‘heavy cotton cloth.

¢ During the oxperiments on the effect ol exposure of gosts to fire bonbs
-+ . dropped from an airplane, the emount of protsction afforded by an ordinsry

__woolen G.I. blanket or u shelter half was studied. Goats wers prepared and.

" exposed as in the experinents previously describad, but were covered with a
blunket or shelver half. It was found that dry covers tendsd to ignite and,
if they dld, 'offered less than nuv protection since severe burns rasulted from
contact ‘with the burning cover. Wet covers did not ignite and gave consider-
ably more protestion than no cover at all, The beat protection, however. was
given whan the protective covers, wet or dry, wers removed from the snimals by
remote control immedimtely af'ter the fireball reasulting from detonation of the
bomb had passed. Tha results of this protection can bs sean in the summary of

" Teble I, in which geats wers classified iii one category as either dead or pros~
trate or in another catsgory as injursd or not injured. Thus, while the pro-
tection sfforded by a woolen blanket.or a shelter half during an exposars of
several soconds to flame itsell was mot abs olute, it was n;gnificant end life-
saving in man" cases. . - ~f—<¢a$3@&swﬁ

Kid

fABLE I o : }‘..,

" Sumary of Effects of Firs Bombs on Protectsd and.Unprotqotéd
Goata on the Surfece of the Ground and in 81it Trenohot

R il o T L - .
Dead or fnjhred or ST
Animels Progtrate . Uninjured o - -
. Unprotscted on Surface Ts, 2 200 - - T |
Protected on Surface - 2% 3% ’ o
Unprotscted in Trench ' 36%-
Protacted in Trsnch : 91%

¢ romlized that prectective cnveringe aspnlisd $o 4he body are
valusebls for only a limi*, i2d of time, the limitation baing thne time
neceszery for thormal iorium to occur betwmesn the outer to Lhe inmer

surface of the covsring. wek ccveL-ng: oifsr batisr procoction aegaeinst
heut than dry coverings, Tscauss they wili not ignite so long e¢ they are
\ wel e&nd beceurs zeie of The wLeorvsed he
5 Gogs of wvapsrizing us waler, out 1P he

{.

t 1a uzod up in the endothormie pro-
ced to the point where egleam s
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i praduced, they may cause ve*y severe burns to the underlyisg sklna Dry
' woolen or cotton covers ignite fairly readily, and if ignited c¢an cause very
severe burns. The best practical use of protective coverings involves re-
mov&l ag goon ms possible after exposure to gevere. heat is over. -

The importance of protecuian against heat va*ies with the degree of
ventilation attending the conflagration. Where the ventilation iz good, as
in oonflagretions im the open or in well ventilated buildings, protectiom
ageingt hamt alone 418 required since toxic gases are elther nat produced or
do not accumulate Under conditions of .poorer ventilation protaection
against heat as well 8s. against a toxic atmosphere way bs neﬁessary.

— r—— — PR J—

el T L e v e

In discugsing respiratory protsction in conflegrations, = distinction . 4
must be made betwesen the toxic atmosphere produced by ths ordinnry products |
of partial combustion - i.e., carbon monoxide, carbon dioxide and a de~
ficiency of oxygen - and thoss produced by the thermal decomposition of cer=-
tain organic ohemicals. Examples of the latter would be nitrous oxidea from
the decomposition of nitrocellulese, or phosganq from the decomposition of
carbon tetrachloride, or sulfur dicxide from the combustion of sulfur oom-
pounds. Gases of this type may or may not be present in any given conflagra-
tion depending on what is burning or is subjected to high temperatures. They
were not present in~the petroleum cvcounflagrations descrided in the presemt =~ .
series of papers. Neverthsless, the inhalation of » *oxic a“mosphere was a . .
very important lethal factor for goats exposed tc conflagrations under com- . = .

- ditions of poor ventilstion. Death, under thsse eircumstances, was usually

’ the result of anoxia, arising from primary oxygen deficlemsy and from the -

inhalation of carbon monoxide, and aggravated by heat,  And regardless of

whether special toxic gases like nitrous oxides or phosgene might be present

| in a given conflagration, these ordinary lethal faotore leading to anoxia

g are still present and must %e reckoned with. Fortunately, protection

: sgains’ special toxic gases as well as the ordinary toxic atmospheres of
conflagrations requires esaent‘ally the same measures.

The first measure of respiratory p*otevt4on to oe nonsidared is venti- ;
lation. If air can be admitted freely %o a {ire, partial combustion lead-
ing to oxygen deficlency and the production of parbon‘ﬂcnoxide cannot cccur,
and any speciul tToxRic Z&sos thet might be pr~d¢ced can Lo neld tc low con-
centraticns by the grocess of dilution. The {ree flow of {rssh air into a
bui‘d;nr ’ﬁciueqtally reduses th: time x temperaturs produczt (Tt) produced -

7 the couwbustion of = unit aacunt of fuel within the building, Shus mini-
to cenflapratlnng. VenLLla*ion is
1T

n*

mlzlng enother lethal fuatur ol exposure

.
- i : X 3T
B zood protestive device so far es perennnal in

(

l ]
: LA 3 ; 1T . ARV P S0 JR ,,a. .~
the fire mre concern=sd; but ventilation in snotreov ssnze ol tae word mny be

5 socurcae of donger.
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Ever in & aine tuuue tion qurrents far froa their

1, gases travel by convea
orizinal source,  Alr conittioning or [orced vintilation syste: 3 could- o
spread fire zasas tor a considerable distence.  Iacidants have iesn xaewn”
to occur in fires in nmines or ¢n ships in which {ire gases have Lo ger-
ried through forced ventilation systesme to romoté losetivow »nd haviy ,
sulted in fatelities. Similar instances are a relstively cm¢ﬂ0ﬂ agour- b
rence in homes, where gases from a defectire coal furnece may pormesie the
house, injuring or killing gone of the occuuants. In summﬂr} good venti-
lation in the vicinity of a fire prevents tha aoeurrsnea of toxic atmos- . T
pheres, but in the presence of an insuffic1 st supply of =2ir at the site of - .

CJ'u)

O

combustion, toxic gases may be Lramsferre

d 3 whatever ventllatlor processes
oxist to placss distant froz the fire itself,

.. . - :
-.'.'-’r - ' 'E L

A second method of pretection ageinst toxic fire gases consists .of set-
ting up a barrier between the {ire and the rersons sxposed. Experinants B
heve been desoribed in which the familiar gaa-proof deor™ of civiiien de- =
fense deys, oonsisting of u pair of blankets hung across -8 mine tunnal oam- -
pletely protected a goat on the far side of the burrier while ancther. .gokt ———-5F:5
cn the near side died. Hoodan ar mstal doora would mnke an. even petter- ... 1;‘dh
barrier than blankets. , Lo e ?;;'r;g:féﬁf"-' :

Fortunately, smoke, which is relatively hairmless in itself, accnmpnnltl .
the other fire gases. Smoke is visible and has & charsoteristic odor where-
ag carbon monoxide and lack of oxyger give zo cgrly sejsQry v:rning_of their
presence.. 1t would appesr sound to say that (f one oam xeop out of “snake uﬂ,-”"
or can exolude smoke from one's viocinity by any barrisr of any nntcritl. any :
toxis fire gases that might be present would alsc be exoluded. Too often R
toc little ettention is pald to exposure tu saoke, "drgetg)ng that dalggggul

g
_etzospheres way accompany the smoke. én:_:,{2:3<_vﬁ&?

“y

d

15-

Scmstimos a ocerrisr ¢o tho paszags of firc gazcr gud sacke muy B9 in-
tangible. It will be reonlied that in a previous puper it wads stowm
(Part IV) that crerices oxtending urmard in a mine Lumnel to tby ocubside air
caueod the smoke and fire zasos to sweep upwerd ant preventsd thsir further
travel into the mine tunnel.

General reapirazory protection by fvn‘ilatan or barr4efl ‘s ot llIlJ'

possible, 80 that situations zay arise whare nersonnel z.it anter an atmoe-
shmms laswen tn ha at laact nn‘?aﬁ"‘ln“u iancarous . 34t nereannal must

rely on gas masks or rosplratora.

There are two bssis ' mes of respirstorg, Tho:e nret (a) Resplitret-
ors which depend con szme ndscrient such 88 active carbor §n a2 seanister to
re~cva toxic pases from The a moqphere: exan;lel are ‘nr 5.1.,ury £E3 A7
or “he MSA "All-3erv.ce” z=-ak, .- respirators wnio  supriy au atzosphare

independent of tho i1wmmelins’s vnwiTmment sf the _gigon mMent € T 3 WeIK)
axamples are the Tair-l.-e" ~ask 1. zaion freen &0 L4 plugc” throurt

roR® iB%G *he facerieces f i mAaId ar fLa o nelles it cirel SX ST Ka

wilch pure oxygem i dalivore. _nte bre Tacegje.a rromoa o gail oy, o
CXysen ST oJrom B CTeTC n. nX, eh ZerTorTatir. Tir ‘st Ly 2l Tas
obwimsieiw 27 1l *le Lie woorc “rera 5s a icliz,ency 30 oxyge. LT the

O DeYvD * SR
4
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atmosphere. ~ While woaring *% may delay death by removing carbon monoxide or
ocher toxic geses, i ganuot supply oxygen which iz necessary for life. Arn’
voi more severe limitrtion exists on the use of a wet towal or: handksrchief.
© . wilher 8uprly c.ygen or remove carbon monoxido. At best it might
el uhe;in;pire@ eir end remove some smoke. . Canister wasks should onliy be
worn where. the presence of eufficient oxygen can be demeonstrated. Spscific-
ally they should not te worn in apy atmosphere which will not support the
flame of a candle or mw.as safety lamp, or carblde lamp. I such flames bhury
steadily it may be presumed that at least 12% orygen is present and this is
sufficient to at least support life. It should be pointed cut that in cer~
tain looations where there is little natural ventilation such as mins tun-
nels, local pockets of air may exist which are toxic ard deficient in oxygen,
Persons dependent on canister masks oust, therefore, proceed under such sir-
cumstances with the grsatest of caution and only when accompanied by a =mine

8afety lamp or other reliable indicating device which will indicate & danger.

oas oxygen deficiency.

The eir-line or self-contained oxyzen masks, on the other hand, supply
their own atmosphere to the lungs of the wearer, and thus are eafe even in

oxygen deficient atmospheres or atmaspheres containing dangerously toxic
gases. B .

For the sake of completeness, a few words should be satd about the in-
halatior of heated eir. Moritz, Henriques, and McLean (2) have shown that
the inhalation of very hot dry air produces severe burns of the upper respi-
ratory tract and laryngeal edema because all cf the available heat iz lost
in the upper part of the respiratory tract. The inhalation of ste "
the other hard, produces thermal injury to the entire respiratory tract in-
cluding the lungas, because steam has more heat to give up to its surround-
ings thun does dry air. Hence some heat still remains to be delivered when
the inspired air reaches the lungs.

It was our impresaion, however, from the present series of experiments
on petroleum conflagrations that heet damage to ths rsspiratory tract was of
minor importance except in animals in the imnediate vicinity of the flame,
and even these apparently died of & systemic hyperthermis rather than from
laryngeal sdema or pulmonary injury.
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